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PREFACE 


W: humans are inherently curious about our roots — not only 
about our ancestry during the past few decades or centuries 
but also about our animal origins and the history of the world our 
four-legged ancestors inhabited. Now that we are damaging the 
global environment in ways that may harm our own species along 
with many others, our curiosity heightens. This book, unlike other 
textbooks that introduce historical geology, shows the student how 
Earth's ecosystem has changed through time and how events of the 
past provide a perspective for dealing with changes that are taking 
place now or may take place in the future. 

In fact, the geologic record uniquely documents not only the 
history of Earth's habitats far back in time but also the events of the 
past few million years that have shaped the modern ecosystem. What 
lessons can we learn from “natural” changes of the past? One issue 
is how we exercise our unrivaled powers to alter environments on 
Earth. Another is how we cope with the changes that we do produce. 
Thanks to exciting advances in the study of ancient oceans, climates, 
and land areas, the geologic record now reveals that many of the 
kinds of change that may loom ahead have occurred before. In addi- 
tion, the fossil record reveals many ways in which life has responded. 
Ultimately, extinction has been the helpless response of nearly all 
species to certain environmental changes that have been beyond their 
control: Only a tiny fraction of the species that were alive halfway 
through the Age of Mammals survive today. Farther back in time, 
mass extinctions have occasionally decimated life on Earth. Thus, the 
geologic record reveals that environments and lite are transitory. As 
the French adage has it, the more things change, the more they stay 
the same. Nonetheless, we cannot justify the crisis that we may soon 
inflict on rainforests and grasslands and coral reefs by arguing that it 
will simply mimic “natural”? mass extinctions of the past. Events of 
the distant past do not provide an ethic for our behavior, but they do 
offer us the opportunity to predict some of the consequences of our 
potential actions so that we can make choices and adjustments. 

Study of Earth's history has other practical benefits as well. 
Geologists have been able to locate important natural resources such 
as coal and petroleum by understanding the record of rocks and 
fossils. They have also come to understand the origins of valuable but 
nonrenewable sources of fresh water far below Earth's surface. By 
learning how events of the past have created and concentrated re- 
sources, a student of Earth history comes to appreciate the limited 
supply and inevitable depletion of materials that he or she might 


otherwise take for granted. 


material for understanding the history of Earth 
and its biota. Appendix I and Appendix II provide 
additional baekground on minerals, rocks, and 
fossils for the student who has not previously 
studied physical geology. 

Chapters 8 through 16, like comparable chap- 
ters of Earth and Life through Time, integrate the 
history of life with the physical history of Earth, 
including plate-tectonic events. During the past 
decade, paleogeography, paleoceanography, and 
paleoclimatology have emerged as new disci- 
plines that are revolutionizing the Earth sciences. 
Without labeling these disciplines, I have at- 
tempted to accord them their newly earned status. 


SUPPLEMENTS 


The following supplemental materials for Explor- 
ing Earth and Life through Time are available to 
adopters: 


The Instructor’s Manual, prepared by Robert 
D. Merrill of California State University, Fresno, 
contains chapter outlines, summaries, and objec- 
tives; teaching tips; answers to end-of-chapter 
text exereises; additional questions and answers; 
and additional resource references, including 
audio visual aids, for each chapter. ۱ 

A set of 120 slides contains a selection of color 
line diagrams from the text. 


For more information and to request copies of 
these supplements, please contact 


Professor Services Department 
W. H. Freeman and Company 
4419 West 1980 South 

Salt Lake City, UT 84104 


Telephone: 801-973-4660 
FAX: 801-977-9712 
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X Preiace 
ORGANIZATION AND CONTENT 


My aim in writing this concise version of Earth and 
Life through Time has been to make the history of 
our planet and its inhabitants accessible to a wider 
range of students. To accomplish this goal, I have 
eliminated specialized topics, especially ones fo- 
cusing on regional geologic events outside North 
America. I have also abbreviated the discussion of 
sedimentary environments, confining it to a single 
chapter, and the review of Precambrian geology, 
covering it in two chapters rather than three. 

Exploring Earth and Life through Time is not 
simply a reduced version of its parent, however. 
New boxes in Chapters 2 to 16 show students how 
Earth’s history sheds light on contemporary 
issues. Nine of the boxes diseuss modern environ- 
mental issues that relate to subjects in the ehap- 
ters where the boxes appear; the issues range from 
loss of wetlands to future extinctions to global 
warming. Three of the remaining boxcs shed light 
on the process of biological evolution, and the 
other two focus on natural resources. 

A Major Events diagram on the third page of 
each of the final eight chapters helps students 
comprehend the global events that took place 
during each major interval of Proterozoic and 
Phanerozoic time. Each diagram provides a 
graphic summary of events that occurred during 
an interval of time, and it can serve as a handy 
guide to the rest of the chapter. 

Scientific terms arc printed in boldface where 
they first appear and are also defined in the Glos- 
sary or, if they are names of major groups of orga- 
nisms, in Appendix III. 

Numerous innovative features of Earth and 
Life through Time that have bcen well received 
are retained in this book. Chapter 2 reviews the 
structure of modern ecosystems. Without such an 
introduction, no student who is not already well 
versed in ecological principles could understand 
environments and life of the past. Chapter 3 ex- 
plains how we recognize ancient environments. 
Lacking this kind of review, no student could ap- 
preciate how we reconstruct the ancient world. 
Similarly, Chapters 6 and 7 explain plate tectonics 
and mountain building in ways that teach students 
how lateral and vertical movements of the litho- 
sphere have caused Earth’s geography to evolve 
over millions of years. As in the parent volume, 
these and other early chapters provide the raw 
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TO THE STUDENT 


daunting, but this reaction is misleading. It is ac- 
tually quite easy to come to grips with the geologic 
time scale. There is no need to connect intervals 
that span millions of years to the much shorter 
intervals by which we measure our everyday lives: 
seconds, minutes, days, weeks, months, and years. 
In fact, we seldom try to relate seconds or minutes 
to years, but instead maintain separate time scales 
in our heads. You must simply make this kind of 
leap to establish the scale of geologic time in your 
thinking. Except for the most recent interval of 
geologic time, the basic unit is a million years, and 
it is often convenient to round geologic dates 
or intervals off to units of tens or hundreds of mil- 
lions of years. At the start of your study of Earth’s 
history, you should learn the elements of the 
geologic time scale—the eons, the Phanerozoic 
periods, and the Cenozoic epochs. By this strat- 
egy you will establish a framework for posi- 
tioning major events so that a general picture of 
Earth’s history will emerge. 

Many forms of life have come and gone during 
our planet’s history. The basic types are easier to 
keep track of if you have a sense of how they lived. 
I have therefore tried to convey useful informa- 
tion about the mode of life of each major group 
of animals or plants, either in the text or in a fig- 
ure caption, when I first introduce it. Appendix 
JII also allows you to see where a particular group 
fits into the general classification of life. Bold- 
faced names of groups of animals or plants that 
do not appear in this appendix are defined in 
the Glossary. 

I wish you a pleasant voyage through the his- 
tory of our planet and its inhabitants. This is as 
close as you will get to entering a time machine! 


Steven M. Stanley 


| my own understanding of the past to gain 
insight into the present and the future. Nearly 
all students will live much longer than I, so they 
will have greater opportunities to employ lessons 
from the past. I want to address a few comments to 
you, the student, to help you gain useful insights as 
you use this book to explore Earth and life through 
time. 

First, I urge you not to treat this book as a 
compendium of facts. It is the major events and 
concepts and themes that matter most, and I ex- 
hort you to focus on them. Here are some of the 
kinds of important questions that you should ask 
yourself in organizing the material that the book 
presents: When did major ice ages begin in the 
course of Earth’s history, and how were conti- 
nents arranged when they began? When and 
where have mountains risen up in North America 
and what caused them to form? What evolutionary 
breakthroughs have led to dramatic expansions of 
various groups of plants and animals, and how 
have these expansions changed the biosphere? 
What have been the patterns and probable causes 
of the great extinctions of the past? Forty million 
years ago, southern England was tropical and 
Alaska was subtropical; how did the world’s cli- 
mate come to be as it is today? 

The Major Events figure near the beginning 
of each of the final eight chapters will help you 
to identify and review major events and themes, 
and so will the exercises at the ends of chapters. 
If you can complete these exercises, you will 
have mastered the broad outlines of the 
subject. 

As you first venture into the subject of Earth’s 
history, the vastness of geologic time may seem 











CHAPTER 


Introduction to Earth, 
Life, and Geologic Time 


inhabitants of the modern world came from. They 
also reveal the procedures through which geolo- 
gists have assembled this information. Students of 
Earth history inevitably discover that the per- 
spective this knowledge provides changes their 
perception of themselves and of the land and life 
around them. 

Knowledge of Earth’s history can also be of 
great practical value. Geologists have learned to 
locate petroleum reservoirs, for example, by 
ascertaining where the porous rocks of these res- 
ervoirs tend to form in relation to other bodies of 
rock. Geologists have also helped discover depos- 
its of coal and ore and other natural resources 
buried within Earth. 

An understanding of Earth history helps us to 
address problems caused by changes that are now 
taking place in the world, or that will be occurring 
soon. The rock record also sheds light on ways in 
which a broad array of factors cause environmen- 
tal change and on the rates at which various kinds 
of change occur. The shifting of coastlines as sea 
level rises or falls represents one example. The 
geologic record of the past few thousand years 
documents a general rise in sea level as huge gla- 
ciers have melted and released water into the 
ocean. The geologic record near the cdge of the 


p people recognize, as they travel down a 
highway or hike along a mountain trail, that the 
rocks they see around them have rich and varied 
histories. Unless they are geologists, they have 
probably not been trained to identify a particular 
cliff as rock formed on a tidal flat that once fringed 
a primordial sea, to read in a hillside's ancient 
rocks the history of a primitive forest buried by a 
fiery volcanic eruption, or to decipher clues in 
lowland rocks telling ofa lofty mountain chain that 
once stood where the land is now flat. Geologists 
can do these things because they have at their 
service a wide variety of information gathered 
during the two centuries that the modern science 
of geology has existed. The goal of this book is to 
introduce enough of these geologic facts and prin- 
ciples to give students an understanding of the 
general history of our planet and its life. The 
chapters that follow describe how the physical 
world assumed its present form and where the 


M 
A geyser in the Black Rock Desert of Nevada: The green 
cyanobacteria that thrive in the warm water that issues 
from the geyser resemble ones that lived more than 2 
billion years ago and are preserved in Precambrian 
rocks. (Stephen Trimble.) 





THE PRINCIPLE OF 
UNIFORMITARIANISM 


Fundamental to the modern science of geology is 
the principle of uniformitarianism — the belief 
that there are inviolable laws of nature that have 
not changed in the course of time. Of course, uni- 
formitarianism applies not only to geology but to 
all scientific disciplines — physicists, for example, 
invoke the prineiple of uniformitarianism when 
they assume that the results of an experiment will 
be applicable to events that take place a day, a 
year, or a century after the experiment is con- 
ducted — but geologists hold this principle in par- 
ticularly great esteem because, as we shall see, it 
was the widespread adoption of uniformitarianism 
during the first half of the nineteenth century that 
signaled the beginning of the modern science of 


geology. 


Actualism: The Present as the 
Key to the Past 


The principle of uniformitarianism governs geol- 
ogists interpretations of even the most ancient 
rocks on Earth. It is in the present, however, that 
many geologic processes are discovered and ana- 
lyzed, and the application of these analyses to an- 
cient rocks in accordance with the principle of 
uniformitarianism is sometimes called actualism. 
When we see ripples on the surface of an ancient 
rock composed of hardened sand (sandstone), for 
example, we assume that these ripples formed 
in the same way that similar ripples develop to- 
day—under the influence of certain kinds of 
water movement or wind. Similarly, when we en- 
counter ancient rocks that closely resemble those 
forming today from volcanic eruptions of molten 
rock in Hawaii, we assume that the ancient rocks 
are also of volcanic origin. 

Actualism is commonly expressed by the 
phrase “The present is the key to the past." This 
idea is only partly true, however. Although it is 
universally agreed that natural laws have not var- 
ied in the course of geologic time, not all past 
events have been duplicated within the time span 
of human history. Many researchers believe, for 
example, that the impact of very large meteorites 
may explain certain past events, such as the ex- 
tinction of the dinosaurs 65 million years ago. 
They can calculate that the impact of a huge 
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sea reveals how coastal marshes have shifted as sea 
level has changed. These marshes are very impor- 
tant to humankind; they cleanse marginal marine 
waters and sustain valuable forms of animal life. 
Study of the geologic history of coastal marshes 
will help us to predict their fate as sea level con- 
tinues to change in the decades and centuries to 
come. 

The geologic record of the history of life also 
provides a unique perspective on the numerous 
extinctions of animals and plants that are now re- 
sulting from human activities. Humans are causing 
extinction by destroying forests and other habi- 
tats, but our collective behavior also affects life 
profoundly in less direct ways. Very soon human 
activities will cause average temperatures at 
Earth's surface to rise in many areas of the world. 
The geologic record of ancient life reveals how 
climatic change has affected life in the past — how 
some species have survived by migrating to favor- 
able environments, for example, and how others 
that failed to migrate successfully have died out. 
To the surprise of many biologists, geologic evi- 
dence has revealed that many of the natural as- 
semblages of species that populate the world 
today are not ancient associations of interdepen- 
dent species. Instead, they are associations that 
have developed very recently (on a geologic scale 
of time) as climates have changed in ways that 
have caused species to shift their distributions. 
Today spruce trees grow naturally in the United 
States only in the cold climates of eastern New 
England. Pollen preserved in clay shows that 
about 20,000 years ago spruce trees grew as far 
south as southern Georgia. At that time, areas 
close to Washington, D.C., were covered with 
frozen tundra, closely resembling the habitat that 
now occupies broad areas of northern Canada. 
Early humans — members of our own species— 
lived through similar changes that were occurring 
simultaneously in Europe. 

As we come to understand the speed and pro- 
fundity of natural environmental change and the 
transience of assemblages of species, we begin to 
appreciate the fragility of the world we live in. 
More generally, having studied the past, we can 
make more intelligent choices as we contemplate 
the future of our changing planet. 

Before we launch into our detailed examina- 
tion of the history of Earth and its life, however, 
an introduction to some of the basic facts and uni- 
fying concepts of geology is in order. The first 
seven chapters lay this groundwork. 
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particular type of rock could have formed in na- 
ture. In conducting these experiments, geologists 
are, in a sense, expanding the domain of actualism 
by using as a model not only what is happening in 
nature today, but also what happens under artifi- 
cial conditions and may have happened under nat- 
ural conditions long ago. 


The Uniformitarian View of Rocks 


Until the early nineteenth century, many natural 
scientists subscribed to a concept known as catas- 
trophism. According to this idea, floods caused by 
supernatural forces formed most of the rocks visi- 
ble at Earth's surface. Late in the eighteenth cen- 
tury, Abraham Gottlob Werner, an influential 
German professor of mineralogy, claimed that 
most rocks formed as a result of the precipitation 
of minerals from a vast sea that periodically 
flooded and retreated from the surface of Earth. 
These ideas were largely speculative. 

Not long after Werner published his ideas, 
James Hutton, a Scottish farmer, established the 
foundations of uniformitarianism by writing about 
the origins of rocks in Scotland. Hutton concluded 
that rocks formed as a result of a variety of pro- 
cesses currently operating at or near the surface of 
Earth — processes such as volcanic activity and 
the accumulation of grains of sand and clay under 
the influence of gravity. It was only after extensive 
debate that Hutton's interpretation of the origins 
of rocks was generally accepted by the scientific 
community. Once established, however, unifor- 
mitarianism soon dominated the science of geol- 
ogy, gaining almost total acceptance after Charles 
Lyell, an Englishman, popularized it in the 1830s 
in a three-volume book titled Principles of Geol- 
ogy. Let us briefly examine the uniformitarian 
view of how rocks form. 

Rocks consist of interlocking or bonded grains 
that are typically composed of single minerals. A 
mineral is a naturally occurring inorganic solid 
element or compound with a particular chemical 
composition or range of compositions and a char- 
acteristic internal structure. Quartz, which forms 
most grains of sand, is probably the most familiar 
and widely recognized mineral; other minerals 
constitute the materials we call limestone, clay, 
and asbestos. Most rocks consist of two or more 
minerals. Rocky surfaces that stand exposed and 
are readily accessible for study are generally des- 
ignated as outcrops or exposures. Scientists also 


meteorite — one something like 10 kilometers 
(6 miles) in diameter — if it were to land in the 
ocean, would produce a huge wave that would 
crash over coastlines thousands of kilometers from 
the impact site. Nonetheless, because we have 
never observed the arrival of such a large meteor- 
ite, we do not know exactly what else would hap- 
pen. It has been suggested that the fine dust in- 
jected into the upper atmosphere might block the 
sun's rays from Earth's surface for many days. As 
we will learn in Chapter 14, there is some evi- 
dence to support this contention, but because we 
cannot observe the consequences of such an event 
today, the idea is difficult to verify. In other 
words, in this case actualism does not apply. 

Similarly, geologists have found that certain 
types of rocks cannot be observed in the process of 
forming today. In such cases, geologists usually 
assume that 


1 The rocks in question formed under conditions 
that no longer exist; 


2 The conditions responsible for the formation of 
these rocks still exist, but at such great depths 
beneath Earth's surface that we cannot observe 
them; or 


3 The conditions exist today but produce the 
rocks only over a long interval of geologic time. 


Many iron ore deposits more than 2 billion years 
old, for example, are oftypes that cannot be found 
in the process of forming today. It is believed that 
when the iron ore formed, chemical conditions on 
Earth differed from those of the present world 
and, furthermore, that the rocks underwent slow 
alteration after they were formed. The existence 
of these iron ore deposits does not necessarily ne- 
gate the principle of uniformitarianism inasmuch 
as there is no evidence that natural laws were bro- 
ken. It does, however, present geologists with a 
problem they cannot solve by applying the princi- 
ple of actualism, because a human lifetime is only a 
small fraction of the time needed to study the 
rocks’ development. 

In an attempt to address some of these prob- 
lems, geologists have learned to form certain 
kinds of rocks in the laboratory by duplicating the 
conditions that prevail at great depths within 
Earth. They expose simple chemical components 
to temperatures and pressures many times greater 
than those at Earth’s surface. Such experiments 
indicate the range of conditions under which a 


into igneous rock comes from great depths within 
Earth, where temperatures are very high. This 
material may reach Earth’s surface through cracks 
and fissures in the crust and then cool to form 
extrusive, or volcanic, igneous rock (Figure 1-1), 
or it may cool and harden within Earth to form 
intrusive igneous rock (Figure 1-2). Igneous rock 
that solidifies deep within Earth is sometimes 
uplifted by subsequent movements of earth and 
eventually exposed at Earth’s surface by erosion, 
which is a group of processes that loosen rock and 
move pieces of it downhill. 

Sedimentary rocks form from sediments, 
which are materials deposited at Earth’s surface 
by water, ice, or air. Most sediments are accumu- 
lations of distinct mineral grains. Some of these 
grains are products of weathering (i.e., decay and 
breakup) of older rocks, while others result from 
the chemical precipitation of minerals from water. 
Grains of sediment seldom become bonded to 
form hard rock until long after they have accumu- 
lated. The two important agents of this rock- 
forming process, which is known as lithification, 
are compaction of sediment under the influence 
of gravity and cementation of grains by the pre- 
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have access to rocks that are not visible in out- 
crops. Well drilling and mining, for example, 
allow geologists to sample rocks that lie buried 
beneath Earth’s surface. 


Basic Kinds of Rocks On the basis of modes of 
origin, many of which can be seen operating 
today, early uniformitarian geologists, led by 
Hutton and Lyell, came to recognize three basic 
types of rocks: igneous, sedimentary, and meta- 
morphic. Igneous rocks, which form by the cool- 
ing of molten material to the point at which it 
hardens, or freezes (muchas ice forms when water 
freezes), are composed of interlocking grains, 
each consisting of a particular mineral. The 
igneous rock most familiar to the nongeologist is 
granite. Molten material, or magma, that turns 


FIGURE 1-2 Intrusive igneous rock. The dark bodies 
are pieces of the surrounding rock that the magma that 
formed the igneous rock incorporated before it solidi- 
fied. The light-colored diagonal bands on the left are 
veins that formed when a second body of magma in- 
truded the main body of igneous rock. (Martin G. Miller.) 
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FIGURE 1-1 Mount St. Helens erupting in 1980. The 
cone of the volcano is itself formed of volcanic igneous 
rock extruded from the volcano. (U.S. Geological Survey.) 
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sedimentary rocks often flake or fracture along 
these surfaces. As a result, sedimentary rocks ex- 
posed at Earth’s surface often can be seen to have a 
steplike configuration when they are viewed from 
the side (Figure 1-3). Stratification is the word 
used to describe the arrangement of sedimentary 
rocks in discrete layers. Bedding is stratification in 
which layers exceed 1 centimeter ) 0.4 inch) in 
thickness, and lamination is stratification on a 
finer scale. 

Metamorphic rocks form by the alteration, or 
metamorphism, of rocks within Earth under con- 
ditions of high temperature and pressure. By defi- 
nition, metamorphism alters rocks without turn- 
ing them to liquid. If the temperature becomes 
high enough to melt a rock and the molten rock 
later cools to form a new solid rock, this new rock 
is by definition igneous rather than metamorphic. 
Metamorphism produces minerals and textures 
that differ from those of the original rock and that 
are characteristically arrayed in parallel wavy 
layers (Figure 1-4). The two groups of rocks that 
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FIGURE 1-4 Metamorphic rock. This is a coarsely 
crystalline kind of rock known as gneiss. (Peter Kresan.) 


ee 








FIGURE 1-3 Horizontal bedding in sedimentary rocks 
bordering the Grand Canyon. (Peter Kresan.) 


cipitation of mineral cement from solutions that 
flow between the grains. Lithification is a form of 
diagenesis, which is the full set of processes, in- 
cluding dissolution, that alter sediments at low 
temperatures after they have been buried. Ce- 
mentation that transforms sand into sandstone is 
an example of diagenesis. 

Most igneous rocks consist of silicate minerals 
(see Appendix I) and so do most sedimentary par- 
ticles, or clasts, derived from them. Sedimentary 
rocks formed primarily of silicate minerals are 
thus known as siliciclastic rocks, and these are 
the most abundant sedimentary rocks of Earth’s 
crust. 

Sediments usually accumulate during discrete 
episodes, each of which forms a tabular unit 
known as a stratum (plural, strata). Strata tend to 
remain distinct from one another even after lithi- 
Bcation because the grains of adjacent beds usu- 
ally differ in size or composition. Because of their 
differences, the contacting surfaces of the strata 
usually adhere to each other only weakly, and 
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Bacteria and their relatives 


and brown algae are multicellular, but their cells are not 
differentiated into tissues of discrete cell types; some 
experts classify these algae as protoctists, while others 
classify them as members of the Plantae. Plantae are 
multicellular organisms that manufacture their own 
food, and animals are multicellular organisms that ingest 
food and digest it within their bodies. Fungi, which in- 
clude mushrooms, lichens, and molds, absorb food from 
their environment. 


formally named, usually for a geographic feature 
such as a town or river where it is well exposed. 
Smaller rock units called members are recognized 
within some formations. Similarly, some forma- 
tions are united to form larger units termed 
groups, and some groups, in turn, are combined 
into supergroups. 

More about the nature and origin of minerals 
and the three basic types of rocks can be found in 
Appendix I. 
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FIGURE 1-5 The five kingdoms of living things. The 
Monera include simple forms whose cells lack the inter- 
nal organization represented by subcellular bodies such 
as nuclei and chromosomes. Some experts divide the 
Monera into two kingdoms and hence recognize six 
kingdoms altogether. The Protoctista include single- 
celled organisms that possess nuclei and chromosomes; 
animal-like protoctists eat other organisms, while plant- 
like protists manufaeture their own food. Red, green, 


form at high temperatures — igneous and meta- 
morphic rocks— are sometimes referred to as 
crystalline rocks. 


Classification of Bodies of Rock Geologists also 
classify rocks into units called formations. Each 
formation consists of a body of rocks ofa particular 
type that formed in a particular way — for exam- 
ple, a body of granite, of sandstone, or of alternat- 
ing layers of sandstone and shale. A formation is 
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TABLE 1-1 Major taxonomic categories 


within a kingdom, as illustrated by the 
classification of humans 





Kingdom: Animalia 
Phylum: Chordata 
Class: Mammalia 
Order: Primates 
Family: Hominidae 
Genus: Homo 


Species: Homo sapiens 


Note: Between these categories, intermediate ones (e.g., super- 
orders, suborders, superfamilies, and subfamilies) are sometimes 
recognized. 


taxonomy. Taxa within kingdoms range from the 
broad category known as the phylum (plural, 
phyla) to the narrowest category, the species 
(Table 1-1), which consists of a group of individu- 
als that interbreed or have the potential to inter- 
breed in nature and that do not breed with other 
interbreeding groups. The basic categories of 
higher taxa —the kingdom, phylum, class, order, 
family, and genus (plural, genera) — are some- 
times supplemented by categories such as the 
subfamily and the superfamily. Names of genera 
are printed in italics, as are species designations. 
Actually, the name of the species consists of two 
words, the first of which is the name of the genus 
to which the species belongs. 

Figure 1-6 further illustrates how humans are 
classified within the order Primates of the class 
Mammalia. In general, the narrower the taxo- 
nomic category, the greater the biological similar- 
ity of its members. Humans and gorillas, for exam- 
ple, have enough in common to be assigned to the 
same superfamily, but monkeys differ from these 
groups in several ways and are assigned to other 
superfamilies. All of these superfamilies are none- 
theless similar enough to be united in a single sub- 
order. Often one or a small number of biological 
features serve to distinguish one higher taxon 
from other closely related taxa of the same rank. 
Dinosaurs, for example, are divided into two 
orders on the basis of pelvic structure (Figure 


ia 


LIFE ON EARTH 


Organisms that have inhabited Earth in the course 
of geologic time have left a partial record in rock 
of their presence and their activities. This record 
reveals that life has changed dramatically since it 
first arose on Earth and that its transformation has 
been intimately associated with changes in physi- 
cal conditions on Earth — in climates or in the po- 
sitions of continents, for example. 

It is not easy to provide a precise definition of 
life, but two attributes that are generally regarded 
as essential to life are the capacity for self- 
replication and the capacity for self-regulation. 
Viruses are simple entities that can replicate 
themselves (or reproduce), but they do not regu- 
late themselves — that is to say, they do not em- 
ploy raw materials from the environment to sus- 
tain orderly, internal chemical reactions. Thus 
viruses are not considered to be living things. On 
Earth today, all entities that are self-replicating 
and self-regulating are also cellular; that is, they 
consist of one or more discrete units called cells. A 
living cell is a module that includes a number of 
distinct features, including apparatuses that facili- 
tate certain chemical reactions. The chemical 
“blueprint” for a cell’s operation is coded into the 
chemical structure of the gene. An essential fea- 
ture of this blueprint is the cell’s built-in ability to 
duplicate itself so that a replica can be passed onto 
another cell or to an entirely new organism. 


Taxonomic Groups 


Until well into the nineteenth century, scientists 
divided all living things into two categories: the 
animal kingdom and the plant kingdom. As various 
forms of life came to be better understood, how- 
ever, these distinctions became increasingly dif- 
ficult to maintain. Today five kingdoms are 
recognized—the Monera, Protoctista, Fungi, 
Animalia, and Plantae (Figure 1-5). 

A more detailed classification of many forms of 
life can be found in Appendix HI. As this appendix 
indicates, each of the five kingdoms is divided into 
numerous subordinate groups. These kingdoms 
and their subordinate groups are known as taxa, or 
taxonomic groups, and the study of the composi- 
tion and relationships of these groups is known as 
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FIGURE 1-6 The taxonomic position of the human ily Hominoidea: three ape genera of the family Pongi- 
genus Homo within the order Primates and the family dae and one genus of the family Hylobatidae. 
Hominidae. There are four other genera in the superfam- 
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Podokesaurs 


SAURISCHIA 
(Lizard-hipped group) 





orders), the pubic bones in these two groups differ the 
most both in shape and in position. (After E. H. Colbert, 
Evolution of the Vertebrates, John Wiley & Sons, Inc., 
New York, 1980.) 


survive the high temperatures at which igneous 
and metamorphic rocks form, almost all fossils are 
found in sediments and sedimentary rocks. Of the 
five kingdoms, only the fungi are poorly repre- 
sented in the fossil record. Fossils of the other four 
kingdoms depict many aspects of the history of 










Pachycephalosaurs 








ris 


Ankylosaurids 


Iguanodonts 





Heterodontosaurs 


ORNITHISCHIA 
(Bird-hipped group) 





FIGURE 1-7 The division of the dinosaurs into two 
orders: the ornithischian, or “bird-hipped,” dinosaurs 
and the saurischian, or “lizard-hipped,” dinosaurs. Of 
the three large pelvic bones (shown beneath the two 


Fossils 


Most of our knowledge about the life of past inter- 
vals of geologic time is derived from fossils. The 
term fossil is usually restricted to tangible remains 
or signs of ancient organisms that died thousands 
or millions of years ago. Fossilization is the pro- 
cess of becoming a fossil: Because few fossils can 


much more likely to be preserved than the flesh of 
animals. After plants are buried in sediment, the 
spaces left inside the cell walls of woody tissue 
may be replaced by inorganic materials — most 
commonly by finely crystalline quartz, known as 
chert. This filling process, which produces the 
fossils that are often called petrified wood, is 
known as permineralization. Permineralization is 
not restricted to woody plant tissue. Porous ani- 
mal skeletons, such as the bones of vertebrates, 
also become permineralized. 

Sometimes solutions percolating through rock 
or sediment dissolve fossil skeletons, leaving a 
space within the rock that is a three-dimensional 
negative imprint of the organic structure. This 
type of imprint, which is called a mold, is some- 
times filled secondarily with minerals. If this pro- 
cess has not occurred in nature, the mold can be 
filled with wax, clay, or liquid rubber in the labo- 
ratory to produce a replica of the original object 
(Figure 1-9). 

Fossils called impressions might be viewed as 
squashed molds. Impressions usually preserve in 
flattened form the outlines and some of the sur- 





FIGURE 1-9 Molds of Devonian starfishes. The molds 
occupy the underside of a slab of sedimentary rock. The 
sediment that formed these molds settled on top of the 
starfishes and filled the depressions that they left in the 
underlying sediment when they decayed. The arms of 


these fossils are about the length of a human thumb. 
(Chip Clark.) 
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life on Earth—a history that, as we shall see in 
Chapter 5, encompasses the evolution of living 
things. 

The most readily preserved features of ani- 
mals are the structures that are informally de- 
scribed as hard parts" — teeth and bones of ver- 
tebrate animals and comparable solid structures of 
invertebrate animals. Many groups of inverte- 
brates lack skeletons and therefore have poor fos- 
sil records or none at all. Some invertebrate ani- 
mals, on the other hand, have internal skeletons 
embedded in soft tissue; among them are the sea 
lilies (Figure 1-8). Others have protective exter- 
nal skeletons; among them are the bivalve and 
gastropod mollusks, whose tissues are housed in- 
side skeletons popularly known as seashells. Hard 
parts are often preserved with only a modest 
amount of diagenetic alteration, but at times they 
are completely replaced by minerals that are 
unrelated to the original skeletal material. 

Although terrestrial plants do not generally 
have mineralized skeletal structures per se, their 
cells have rigid walls of cellulose. As a conse- 
quence, woody tissue and even many leaves are 





FIGURE 1-8 Fossil crinoids (sea lilies) from Creta- 
ceous strata in Kansas. The globular bodies, to which 


arms are attached, are about the size of golf balls. (Chip 
Clark.) 
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FIGURE 1-11 Dinosaur tracks in Connecticut. A dino- 
saur formed these tracks by walking across wet mud that 
hardened into rock. (Dinosaur State Park, Rocky Hill, 
Connecticut.) 


millions of years. Chemical residues of tissues and 
cells can be identified in much older rocks. The 
deposit most famous for preservation of soft parts 
isthe Eocene Geiseltal of Germany, which is more 
than 40 million years old. In the nearly imperme- 
able Geiseltal sediments, which are rich in oily 
plant debris, the skin and blood vessels of long- 
extinct frogs can still be studied, fossil leaves are 
still green, and insects retain their iridescent color 
(Figure 1-12). Protection from oxygen is the 


FIGURE 1-12 Remarkable preserva- 
tion of an Eocene mammal. This crea- 
ture, which resembled a hedgehog, 
became buried in the bottom of a lake, 
where its flesh and fur were partially 
preserved because so little oxygen was 
present that scavenging animals and 
bacteria of the kind that cause decay 
were absent. This fossil is about 40 cen- 
timeters (16 inches) long. (Nature Mu- 
seum, Senkenberg, Germany.) 
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FIGURE 1-10 A fossil impression, with traces of car- 
bon produced by the carbonization of original tissues, 
of a Cenozoic-age butterfly. (Leo F. Hickey, Smithsonian 
Institution.) 


face features of soft or semihard organisms such as 
insects or leaves (Figure 1-10). A residue of car- 
bon remains on the surface of some impressions 
after other compounds have been lost by the 
escape of liquids and gases. This process of carbon 
concentration is known as carbonization. 

Tracks, trails, burrows, and other marks left by 
animal activity are known as trace fossils (Figure 
1-11). Because they are the direct results of activ- 
ity, trace fossils can reveal a great deal about the 
behavior of extinct animals — although the animal 
that made a particular kind of trace cannot always 
be identified with certainty. 

Fleshy parts of animals, or “soft parts," are 
occasionally found in the fossil record, but only in 
sediments that date back a few millions or tens of 
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ming reptiles were preserved in a Jurassic deposit in 
Germany. The mother was about 2 meters (6 feet) long. 
(Staatliches Museum fir Naturkunde.) 


Coal forms when eoncentrated plant debris is bur- 
ied and subjected to moderately high tempera- 
tures and pressures that drive out many com- 
pounds in liquid and gaseous states. Most 
low-grade coals are full of carbonized fossil plants 
that can still be identified as particular genera or 
even species. Peat is sediment composed primar- 
ily of plant debris that has not yet been altered to 
form coal. 

Although fossils occur with great frequency in 
many sedimentary rocks, it is important to recog- 
nize that most species of animals and plants have 
never been discovered in the fossil record. Rare 
species and those that lack skeletons are espe- 
cially unlikely to be found in fossilized form. Even 
most species with skeletons have left no perma- 
nent fossil record. A variety of processes destroy 
skeletons. Animals that scavenge carcasses, for 
example, may splinter bones in the process. Also, 
many bones, teeth, and shells are abraded beyond 
recognition when they are transported by moving 
water before they finally become buried. Because 
marine organisms live in a vast basin in which sed- 
iments accumulate, these forms of life are more 
frequently preserved than terrestrial plants and 
animals. Even after burial, many fossils fail to sur- 
vive diagenesis, metamorphism, and erosion of 
the sedimentary rocks in which they are embed- 
ded. Finally, many fossil species remain entombed 
in rocks that have never been exposed at Earth’s 
surface or sampled by drilling operations. 
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FIGURE 1-13 An ichthyosaur that died in the act of 
giving birth. The infant’s head apparently stuck in the 
mother’s birth canal and both animals died. These swim- 


secret for survival of soft tissue: It is most likely to 
be preserved when organisms are buried in fine- 
grained, relatively impermeable sediment, espe- 
cially if oily water-repellent organic matter is also 
present. 

Some unusual fossils reveal the outlines of soft 
parts even though those parts are not themselves 
preserved (Figure 1-13). Most of these fossils 
were preserved under special conditions such as 
the absence of oxygen, rapid burial in fine-grained 
sediment, or protection in a nodular structure 
called a concretion, formed by diagenetic alter- 
ation of sediment. Although the origin of concre- 
tions is not fully understood, those that form 
around fossils seem to have resulted from local- 
ized diagenesis caused in some way by the partial 
decay of the fossilized organism. 

Less spectacular fossils—especially hard 
parts and molds—-are much more common in 
sedimentary rocks than most people realize. They 
are especially abundant in sedimentary rocks that 
were formed in the ocean, where animals with 
skeletons abound. To appreciate how common 
fossils are, one need only recognize that many 
limestones consist largely of skeletal fragments of 
marine organisms. 

Organisms often lose their identity in contrib- 
uting to fossil fuels, which are condensed and al- 
tered forms of organic matter that can be burned 
to supply energy for human use. Coal is a form of 
altered organic matter that serves as a fossil fuel. 
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tory movements called seismic waves, which 
travel through Earth as a consequence of natural 
or artificial disturbances. An earthquake is a natu- 
ral seismic disturbance that results from the sud- 
den movement of one portion of Earth against an- 
other along a fault. Artificial explosions at Earth’s 
surface also produce seismic waves. 

An earthquake always begins at a focus, a place 
within Earth where rocks move against other 
rocks along a fault and produce seismic waves. 
Earthquake foci lie within Earth's mantle and 
crust, far from its center — but the waves emitted 
from foci often pass great distances through Earth 
to emerge at the surface, where they can be de- 
tected with instruments called seismographs. 
Geophysicists can then evaluate the activity of 
Earth's internal structure by recording the times 
at which the waves of an earthquake arrive at 
many locations. 

The denser the material, the more rapidly 
seismic waves travel through it. Study of the rates 
at which waves travel in various directions from a 
focus reveals that the materials that form the cen- 
tral part of Earth are much more dense than those 
near the surface. The density gradient from the 
surface to the center of Earth is not gradual, 
however; instead, the planet is divided into sev- 
eral discrete concentric layers (Figure 1-15). At 





Inner core (solid) 


FIGURE 1-15 Zonation of Earth's interior. The crust, 
which includes continents at the surface of Earth, rests 
on the mantle. The mantle in turn rests on the core. The 
outer core is liquid, but the inner core is solid. (After 
W. J. Kauffman, Planets and Moons, W. H. Freeman and 
Company, New York, 1979.) 
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In Chapter 2 we will learn some of the ways in 
which fossils reveal information about ancient en- 
vironments; in Chapter 4 we will consider how 
fossils are employed to date rocks; and in Chapter 
5 we will examine how fossils document the evo- 
lution of life. 


MOVEMENTS OF EARTH 


Rocks are not motionless. They not only move but 
also break, and they can even change shape with- 
out breaking. Rocks that are buried deep within 
Earth under great pressure can be folded or 
squeezed into new shapes like bread dough. Most 
deformed rocks that we now see at Earth’s surface 
acquired their present shapes when they were 
buried far below the surface (Figure 1-14). 

Under other conditions, rocks remain brittle 
and break instead of folding or deforming into new 
shapes. A surface along which rocks of any kind 
have broken and moved past each other is called a 
fault. Appendix II reviews the nature of faults, 
folds, and other structures resulting from the de- 
formation of rocks and illustrates how these and 
other features of rocks enable us to reconstruct 
the geologic events within Earth's interior. 

Most of our knowledge about the structure of 
Earth's interior derives from the study of oscilla- 
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FIGURE 1-14 Folded sedimentary rocks in the Rocky 
Mountains of Canada. (Geological Survey of Canada.) 


Continental crust not only stands above oce- 
anic crust but also extends farther down into the 
mantle (Figure 1-16). The continental crust ex- 
tends even farther down beneath a mountain 
range than it does elsewhere. Isostatic adjust- 
ment, or the upward or downward movement that 
keeps crust in gravitational equilibrium as it floats 
on the mantle, is responsible for this phenome- 
non. In effect, the root beneath a mountain acts to 
balance the mountain (Figure 1-17). 

Although the crust and the upper mantle 
differ in density, they are firmly attached to each 
other, forming a rigid layer known as the litho- 
sphere. Below the lithosphere is the astheno- 
sphere, which is also known as the “‘low-velocity 
zone" of the mantle because seismic waves slow 
down as they pass through it. This property tells us 
that the asthenosphere is composed of partially 
molten rock— slushlike material consisting of 
solid particles with liquid occupying the spaces in 
between. Although the asthenosphere represents 
no more than 6 percent of the thiekness of the 
mantle, the mobility of this layer allows the over- 
lying lithosphere to move. The lithosphere does 
not move as a unit, however; instead it is divided 
into plates that move in relation to one another. 
Some plates carry continents with them as they 
move, while others carry only oceanic crust. 

Plates move over the surface of Earth about as 
rapidly as your fingernails grow. Slow as this rate 
may seem, the progress of plates over millions of 
years has been considerable. Many have moved as 
far as 500 or even 1000 kilometers (~ 300 to 600 
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tains, beneath which lie deep roots. The Moho separates 
the crust from the mantle. The crust and the upper 
mantle together form the rigid lithosphere. 


Introduction to Earth, Life, and Geologic Time 


14 Chapter | 


Earth's center is the core, whose solid, spherical 
inner portion and liquid outer portion are thought 
to consist primarily of iron. Forming a thick enve- 
lope around the outer core is the mantle, a com- 
plex body of less dense rocky material. Finally, 
capping the mantle is the crust, which consists of 
still less dense rocky material. As we shall see in 
Chapter 8, the density gradient from the core to 
the crust developed early in Earth's history, when 
molten materials of low density rose to float on 
materials of higher density. The passage of seismic 
waves from the rocks of the crust to the denser 
rocks of the mantle is signaled by an abrupt in- 
crease in velocity known as the Mohorovičić dis- 
continuity, or Moho for short (Figure 1-16). Be- 
cause continental crust is much thicker than the 
crust beneath the oceans, the Moho dips down- 
ward beneath the continents. 

The rocks that form oceanic crust are the type 
known as mafic — a label whose first three letters 
indicate that these dark rocks are rich in magne- 
sium (Mg) and iron (Fe). Mafic rocks are much less 
common in continental crust than are the lighter- 
colored, less dense rocks known as felsic — an ad- 
jective derived from the first three letters of feld- 
spar, the name of the most common mineral of 
continental crust. In comparison with mafic rocks, 
felsic rocks are rich in silicon and aluminum and 
poor in the heavier elements magnesium and iron. 
Rocks of the mantle are even richer in magnesium 
and iron than the oceanic crust— hence their 
ds density — and they are known as ultramafic 
rocks. 
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FIGURE 1-16 The structure of the upper part of 


Earth. Continental crust is much thicker than oceanic 
crust, and it is especially thick where there are moun- 
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the center block is cut off (B), the weight of this block 
no longer balances the weight of the displaced water. As 
a result, the block bobs upward until it is balanced once 
again, lying half above and half below the water (C). 
The central block is like the part of a continent where a 
large mountain is present — the low-density elevated 
crust must be balanced by a root. 


which states that in an undisturbed sequence of 
strata, the oldest strata lie at the bottom and suc- 
cessively higher strata are progressively younger. 
In other words, in an uninterrupted sequence of 
strata, each bed is younger than the one below and 
older than the one above. This, of course, is a 
simple consequence of the law of gravity, as is 
Steno’s second principle, the principle of original 
horizontality, which states that all strata are hori- 
zontal when they form. As it turns out, this princi- 
ple requires some modification. We now recog- 
nize that some sediments, such as those of a sand 
dune, accumulate on sloping surfaces, forming 
strata that lie parallel to the surface on which they 
were deposited. Sediments seldom accumulate at 
an angle greater than 45° to the horizontal, how- 
ever, soa reasonable restatement of Steno’s sec- 
ond principle would be that almost all strata are 
initially more nearly horizontal than vertical. 
Steno’s third principle is the principle of original 
lateral continuity, which he invoked to explain 
the occurrence on opposite sides of a valley (or 
some other intervening feature of the landscape) 
of similar rocks that seemed once to have been 
connected. Steno was, in effect, pointing out that 
strata originally are unbroken flat expanses, 


FIGURE 1-17 The principle of isostasy, illustrated by 
blocks of wood in water. A. Three blocks of wood float 
adjacent to one another. Because the wood is half as 
dense as the water, each block lies half above the sur- 
face of the water and half below. This means that the 
weight of a block of wood is equivalent to the weight of 
the volume of water that it displaces. When the top of 


miles) in 10 million years. Since the early 1960s it 
has been recognized that many earthquakes can 
be attributed to the motions of plates. Movement 
of the edge of one plate over the edge of another 
is, in fact, a major cause of mountain building. We 
will learn more about plate movements in Chapter 
6 and about mountain building in Chapter 7. 


FUNDAMENTAL PRINCIPLES 
OF GEOLOGY 


In keeping with the principle of uniformitarian- 
ism, processes operating on and within Earth fol- 
low physical and chemical laws. Several principles 
derived from physical laws are fundamental to our 
method of learning about Earth's history —a 
method that relies heavily on information gained 
from studying the relative positions of bodies of 
rock. 

In the seventeenth century, Nicolaus Steno, a 
Danish physician living in Florence, Italy, formu- 
lated three axioms for interpreting stratified 
rocks. The first is the principle of superposition, 


of Earth. When the rocks being compared lie at 
great distances from one another, however, other 
methods must be employed. Fossils provide one 
valuable means of establishing the relative ages of 
rocks that lie far apart. William "Strata" Smith, a 
British surveyor, noted late in the eighteenth cen- 
tury that fossils are not randomly distributed in 
rocks. When Smith studied large areas of England 
and Wales, he found that fossils in sedimentary 
rocks occurred in a particular vertical order 
("vertical in terms of the succession of one layer 
above another). To the surprise of less experi- 
enced observers, Smith could predict the vertical 
ordering of fossils in areas he had never visited. 
We now recognize that this ordering, known as 
fossil succession, reflects the sequence of organic 
evolution — the natural appearance and disap- 
pearance of species through time. Although 
Smith, like nearly all of his contemporaries, did 
not believe in evolution, he was able to use his 
knowledge of fossil succession to determine 
where isolated outcrops of sedimentary rocks fit- 
ted into the general sequence of strata in England 
and Wales. 


GEOLOGIC TIME 


Although the principles outlined in the preceding 
section allow us to establish the relative ages of 
many bodies of rock, they do not permit us to 
determine the actual ages of rocks measured in 
thousands or millions of years. As we will see in 
Chapter 3, some sedimentary beds are produced 
annually, like the rings in a tree trunk. Unless the 
latest of a continuous sequence of annual beds is 
currently forming, however, it is impossible to 
count backward to determine precisely how many 
years ago an older bed formed. In other words, ifa 
sequence of this type formed long ago, we cannot 
tell the actual ages of its beds. Fortunately, “‘geo- 
logic clocks" in the form of minerals that undergo 
radioactive decay provide us with a means of ap- 
proximating the actual ages of ancient rocks. Nat- 
urally occurring radioactive materials decay into 
other materials at known rates. By measuring the 
amount of radioactivity in a radioactive material 
that has been decaying since it became part of a 
rock, we can estimate the age of the rock. We will 
learn more about this technique in Chapter 4. 
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“pinching out” laterally to a thickness of zero or 
abutting against the walls of the natural basin in 
which they formed. The original continuity of a 
stratum can later be broken either by erosion, as in 
the development of a river valley, or by faulting. 

Complex sequences of events can be "read" 
from geometric relationships more complicated 
than those dealt with in Steno's principles. Intru- 
sive relationships, for example, reveal the relative 
ages of rocks. When magma penetrates preexist- 
ing solid rock, it eats its way into the solid rock or 
pushes part of the rock aside before cooling to 
form a body of solid igneous rock. Thus the invad- 
ing igneous rock is always younger than the rock 
that it intrudes (Figure 1-2). 

Faults, of course, are also younger than the 
rocks that they transect, and when one fault is 
offset by another, the fault that is offset is older 
(Figure 1-18). This is the principle of crosscutting 
relationships. : 

Finally, when fragments of one body of rock 
are found within a second body ofrock, the second 
is always younger than the first. The second body 
of rock may be either a sedimentary rock in which 
some particles have come from another body of 
rock or an igneous body that incorporated pieces 
of surrounding rock before cooling (Figure 1-2). 
This relationship, which is known as the principle 
of components, can be stated more succinctly: A 
body of rock is younger than another body of rock 
from which any of its components are derived. 

These simple principles have enabled geolo- 
gists to establish the relative ages of most bodies of 
rock that lie adjacent to one another at the surface 


Á 
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FIGURE 1-18 Two faults of different ages. In accord- 
ance with the principle of crosscutting relationships, the 
fault that is offset by the other is the older of the two. 
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FIGURE 1-19 The geologic time scale. The numbers 
on the right represent the ages of the boundaries be- 
tween periods and! epochs in millions of years. The Re- 
cent Epoch (the past 10,000 years or so) is also known 
as the Holocene. l 
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Chapter 1 


During the last century, long before the dis- 
covery of radioactivity, it became apparent that 
very old sedimentary rocks contain no identifiable 
fossils. Beginning with these rocks and examining 
progressively younger rocks in any region, early 
geologists discovered that fossils became abun- 
dant at a certain level. This level became the 
boundary at which all of geologic time was divided 
into two major intervals. The oldest rocks with 
conspicuous fossils were designated as Cambrian 
in age, and still older rocks became known as Pre- 
cambrian rocks. Today the Precambrian designa- 
tion is still used informally, but the Precambrian 
interval is formally divided into the Archean Eon 
and the Proterozoic Eon, with the boundary be- 
tween these two eons placed at 2.5 billion years 
ago. Subsequent geologic time, from Cambrian 
on, constitutes the Phanerozoic Eon, meaning the 
"interval of well-displayed life." An eon is the 
largest formal unit of geologic time. 

Phanerozoic time is divided into three pri- 
mary intervals, or eras, which the history oflife on 
Earth serves to define. The earliest is the "interval 
of old life," or the Paleozoic Era. This is followed 
by the "interval of middle life," or the Mesozoic 
Era, which is commonly called the Age of Dino- 
saurs, and by the "interval of modern life," or the 
Cenozoic Era, which is informally designated as 
the Age of Mammals. Figure 1-19 depicts these 
eras and the intervals within them, known as the 
geologic periods. 

Figure 1-19 also indicates when each period 
began and ended, as determined by radioactive 
materials in rocks whose ages approximate period 
boundaries. Note that the Phanerozoic interval 
began about 570 million years ago. A human life- 
time is so short in comparison with this figure that 
geologic time seems too vast for us to compre- 
hend; experience does not permit us to extrapo- 
late from the time scale we are familiar with, mea- 
sured in seconds, minutes, hours, days, and years, 
to a scale suitable for geologic time. Geologists 
therefore use a separate scale when they think 
about geologic time— one in which the units are 
millions of years. If the Phanerozoic interval of 
time were compressed into a year, we would find 
animals with backbones crawling up onto the land 
for the first time in mid-April, dinosaurs inheriting 
Earth in early July but then suddenly dying out in 
late October, and humans appearing on Earth 
within 2 hours of midnight on New Year's Eve. 

Even during the nineteenth century, before 
geologists had any means of measuring the actual 


have also yielded enormous changes within a tiny 
fraction of Earth’s lifetime. Mountains that were 
the precursors of the Rockies in western North 
America were leveled just a few million years after 
they formed, and most of the Grand Canyon of 
Arizona was cut by erosion within just the past 2 or 
3 million years. We will examine these events in 
greater detail in later chapters. 

Partly because episodic movements of earth 
elevate basins in which deposition occurs, rocks 
are not deposited continuously anywhere; one or 
more breaks interrupt any local record of deposi- 
tion. An unconformity is a surface between a 
group of sedimentary strata and the rocks beneath 
them; it represents an interval of time during 
which erosion occurred rather than deposition. 
Because rock deformation is episodic, only rocks 
of a certain age will have been affected by a par- 
ticular deformational episode. The surface be- 
tween the deformed and undeformed rocks rep- 
resents one kind of unconformity: When a group 
of rocks has been tilted and eroded and younger 
rocks have been deposited on top of them, the 
eroded surface is termed an angular unconform- 
ity (Figures 1-20 and 1-21A). Other unconformi- 
ties are less dramatic. Sometimes the beds below 
an eroded surface are undisturbed, and only the 
irregular surface between groups of beds reveals 
a past episode of erosion. This kind of unconform- 
ity is called a disconformity (Figure 1-21B). An 
unconformity in which bedded rocks rest on an 
eroded surface of crystalline rocks (Figure 1-21C) 
is sometimes called a nonconformity. 


GROWTH OF THE GEOLOGIC 
TIME SCALE 


In the nineteenth century, when the geologic pe- 
riods were first distinguished as unique intervals 
of time, geologists did not know even approxi- 
mately how long ago each period had begun or 
ended. Each period was defined simply as the un- 
determined interval of time represented by a 
body of rock called a geologic system. The Cam- 
brian Period, for example, was simply an interval 
oftime that corresponded to those rocksthat were 
designated as the Cambrian System. Geologists at 
that time did not have the means to study the en- 
tire sequence of rocks on Earth, from the most 
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ages of rocks, they were aware that Earth was 
hundreds of millions of years old. By noting how 
slowly geologic processes had operated during 
the years since geologic features had first been 
recorded, they knew that most rocks could not be 
formed and then destroyed quickly. 

James Hutton, in presenting his view of 
Earth's history, recognized that one of the great- 
est differences between uniformitarianism and 
catastrophism lay in the uniformitarian assump- 
tion that Earth was very old — that the sequence 
of rocks at Earth's surface could not have been 
formed by a few brief upheavals or floods; they 
must instead have been formed slowly by pro- 
cesses operating over vast stretches of time. Hut- 
ton wrote that, in viewing Earth in these terms, he 
could envision “no vestige of a beginning, no 
prospect of an end." 

Between 1865 and the beginning of the twen- 
tieth century, the physicist Lord Kelvin and his 
followers issued a challenge to uniformitarianism, 
arguing that Earth was only about 20 million, or 
perhaps 30 or 40 million, years old. Lord Kelvin 
and his followers based their assertion on caleula- 
tions of the rate at which Earth could be expected 
to cool after its formation at an initially high tem- 
perature. Their assumption was that the planet 
had formed in a molten state and had been cooling 
rapidly ever since. The fact that Earth's interior 
was still very hot (temperatures rose as a person 
descended through a mine shaft) seemed to indi- 
cate that Earth could not be very old. 

It was not until the discovery of naturally oc- 
curring radioactive material that these physicists' 
calculations were disproved. It is now known that 
radioactive decay releases heat, which has re- 
duced the rate at which Earth has cooled since its 
origin. Thus the interior of the planet has re- 
mained quite hot over more than 4 billion years. 
The energy of this heat moves the huge plates of 
rock, some of which carry continents, over Earth's 
surface. 

Dating of rocks by means of radioactive mate- 
rials reveals that some rocks on Earth are more 
than 3.8 billion years old. Many major geologic 
events span millions of years, but in the context of 
geologic time, these events are of relatively brief 
duration. We now know, for example, that the 
Himalayas, the tallest mountains on Earth, formed 
within the past 15 million years or so, but this 
period of time represents less than one-third of 1 
percent of Earth's history. Destructive processes 
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ancient to the most modern; they could only study 
whatever promising rock sequences were accessi- 
ble to them. Thus the Cretaceous System was for- 
mally designated in France in 1822, whereas the 
much older Cambrian and Silurian systems did not 
gain formal recognition until 1835. System after 
system was added up and down the sequence 
until, finally, all the Phanerozoic rocks of Europe 
were included. 

Although the order in which the geologic sys- 
tems were designated was haphazard, the total 
body of rock assigned to each system was not cho- 
sen arbitrarily. Two criteria were most important 
in these decisions. One was the occurrence of 
unique groups of fossils. Most systems contain 
many fossil taxa that differ considerably from the 
taxa found below and above them. Major extinc- 
tions have caused the most striking contrasts be- 
tween systems, A system representing an interval 
that followed a great extinction lacks many fossil 
groups that are well represented in the preceding 
system, and the younger system contains many 
new taxonomic groups that evolved to replace 
those that died out. 

Another trait that led early workers to recog- 
nize some bodies of rock as systems was the nature 
of the rocks themselves. Most of the distinctive 
lithological features of systems relate to the his- 
tory of life. The Cretaceous System, for example, 
was designated to include the thickest deposits of 
chalk in the world. Chalk is soft, fine-grained 
limestone. The abundance of chalk in the Cre- 
taceous System reflects the fact that during the 
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FIGURE 1-20 An angular unconformity in the Grand 
Canyon. Horizontal Cambrian strata rest on tilted strata 
of Precambrian age. (Peter Kresan.) 
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FIGURE 1-21 Diagrams of an angular unconformity, a upper beds rest upon an erosion surface that developed 
disconformity, and a nonconformity. An angular uncon- after the lower beds were deposited. A nonconformity 
formity (A) separates tilted beds below from flat-lying (C) separates flat-lying beds from crystalline (igneous or 
beds above. A disconformity (B) separates flat-lying metamorphic) rocks. 


beds below from other flat-lying beds above, but the 





CHAPTER SUMMARY 


1 The principle of uniformitarianism, whieh is 
fundamental to natural science, asserts that the 
laws of nature do not vary in the course of timc. 


2 Actualism is the uniformitarian proeedure 
whereby events and proeesses of the geologic past 
are interpreted in light of events and processes 
observed in the modern world or recreated in the 
laboratory. 


3 A mineral is an inorganic element or compound 
that is characterized not only by its chemical com- 
position but also by its internal structure. Rocks 
are aggregates of mineral grains. 


4 Igneous rocks form by the cooling of liquid 
rock; sedimentary rocks are layered rocks that ac- 
cumulate under the influence of gravity; metamor- 
phic rocks form by thc alteration of preexisting 
rocks at high temperatures and pressures. 


5 Living things are grouped into species, whieh 
eneompass individuals that can or do interbreed; 
species are grouped into categories called higher 
taxa. 


6 Fossils are remains or tangible evidence of an- 
cient life found within rocks. 


7 Rocks break under stress and move along faults; 
deep within Earth they also bend and flow. 


S Earthquakes and artificial explosions create 
seismic waves that reveal much about the strue- 
ture of Earth's interior. 


9 Earth's interior is divided into concentric 
layers. A central core of high density is sur- 
rounded by a less dense mantle, whieh is blan- 
keted by a still less dense crust. 


10 The parts of Earth's crust that form continents 
are thicker and less dense than the parts that lie 
beneath the oceans. 


11 The crust and upper mantle constitute the 
rigid lithosphere, which is divided into discrete 
plates that move laterally over a partially molten 
zone of the mantle. 


12 The relative ages of rocks that come into con- 
tact with one another can often be determined by 
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Cretaceous Period there was a great proliferation 
of the kinds of organisms that produce the parti- 
cles of calcium carbonate that form chalk: small, 
single-celled organisms that still float in the sea 
today, but in reduced abundance. 

The study of early Paleozoic rocks illustrates 
how new systems were designated to fill gaps be- 
tween others that had been recognized earlier. In 
1835 Adam Sedgwick and Roderick Murchison 
presented a joint paper in which they established 
the Cambrian and Silurian systems, primarily on 
the basis of geologic studies in Wales. The term 
Cambrian was derived from the Roman name for 
Wales (Cambria), while Silurian was named for 
the Silures, an ancient tribe that had once inhab- 
ited Wales. Murchison defined the Silurian Sys- 
tem primarily on the basis of its fossils, and Sedg- 
wick noted that the Cambrian, which is the oldest 
Phanerozoic system, was less fossiliferous; he rec- 
ognized, as we do today, that during Cambrian 
time animal life on Earth was in a primitive stage of 
development. 

In 1879 Charles Lapworth, a Scottish school- 
master, showed that in many areas of the world the 
lower part of the Paleozoic interval, which in- 
cludes the Cambrian and Silurian systems, actu- 
ally displayed a succession of threc distinctive 
groups of fossils. He suggested that the label Cam- 
brian System be retained for the rocks containing 
the oldest group of fossils and that the label Silur- 
ian System be applied to the rocks containing the 
youngest group. For the intervening rocks, with 
their own distinctive fossils, Lapworth proposed 
the name Ordovician, for the Ordovices, an an- 
cient Welsh tribe that was the last in Britain to 
submit to Roman domination. Lapworth’s three- 
fold division of the lower portion of the Paleozoic 
interval is still accepted, although today we have a 
more refined view of the formal boundaries be- 
tween the three systems that he recognized. 

It seems remarkable today that all of the geo- 
logic systems of the Phanerozoic Eon were first 
designated during a brief interval of the nine- 
teenth century in one small region of the world: 
Great Britain and nearby areas of western Europe. 
It was a lucky circumstance that modern geology 
came into being in this particular region. Few 
other geographic areas of comparable size display 
such large volumes of sediment and rock repre- 
senting all of the Phanerozoic systems. 
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What is isostasy and how does it explain why‏ و 
mountains have roots?‏ 


6 What kinds of features distinguish one system of 
geologic time from another? 


7 Name three different kinds of unconformities. 
How does each type form? 


8 Describe three kinds of relationships between 
two bodies of rock that indicate which of the 
two bodies is the younger one. 
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the principles of superposition, original horizon- 
tality, lateral continuity, intrusive relationships, 
crosscutting relationships, and components. 


13 Changes in life on Earth during the course of 
geologic time are reflected in the rock record. The 
fossil succession in the rock record reveals the 
relative ages of rocks in different regions. 


14 The decay of naturally occurring radioactive 
materials reveals the actual ages (in years) of some 
rocks. 


15 The scale that is employed to divide the rock 
record into units representing discrete intervals of 
geologic time was developed in Europe during the 
nineteenth century. 


EXERCISES 


] Give general examples of the use of actualism to 
interpret ancient rocks. 


2 In which of the three basic kinds of rocks do 
nearly all fossils occur? Why? 


3 Name and describe as many modes of fossil 
preservation as you can. 


4 Whatevidence is therethat Earth's outer core is 
liquid? 


D 
£ E, ao 


m 4 ut x 
E rh j 





PART 


THE 
ENVIRONMENTAL 
SETTING 








F nvironments at Earth’s surface have changed continuously in the 

course of geologic time. Sedimentary rocks and the fossils they 
contain reflect the nature of these environments and thus provide 
clues that allow geologists to unravel the history of environmental 
change. These clues make it possible to reconstruct both local struc- 
tures and broad geographic features of the past. 

The most fundamental division of environments on Earth — one 
that is reflected in the distribution of both biological and sedimentary 
features — is the division between land and sea. Among the nonma- 
rine environments that can be recognized through the study of rocks 
and fossils are deserts, rivers, lakes, forests, and grasslands; the 
marine environments include river deltas, lagoons, sandy beaches, 
reefs built by plants and animals, and deep seafloors. Within both the 
terrestrial realm and the marine realm, climatic conditions exert 
strong control over the geographic distribution of plants and ani- 
mals. Other physical factors, as well as interactions between orga- 
nisms, determine the distribution of lite on a smaller scale. 





This alluvial fan in Pakistan is formed of sediment eroded from the Himalaya 
Mountains and deposited at the mouth of a valley. (Art Wolfe.) 





CHAPTER 


— Environments and Life 


position and in location. Life, of course, has un- 
dergone vast evolutionary changes, and many 
conspicuous physical features of the modern 
world — including the polar ice caps of Greenland 
and Antarctica and the ice-cold body of water that 
now forms the deep ocean — were not present 
100 million years ago. Although this situation 
does not violate the principle of uniformitarianism 
(p. 2), inasmuch as natural laws are not broken, it 
does require us to take changing environmental 
conditions into account when we interpret the 
rock record. What we learn in this chapter will 
serve as a starting point for our exploration of en- 
vironments and life through the eons, beginning 
with the planet's origins and moving forward until 
we reach the present. 


LAND AND SEA 


One means of gaining an understanding of envi- 
ronments on Earth is to examine the configuration 
ofthe planet's surface. You will recall that Earth's 
crust is divided into the thin, dense oceanic crust 
and the thicker, less dense continental crust — a 
distinction that accounts for Earth's external 
shape, with continental surfaces standing above 
the seafloor. A hypsometric curve illustrates what 
proportions of Earth's surface lie at various alti- 
tudes above and depths below sea level (Figure 


2-1). 
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E ^X—] 20,000 & shows that mountains account for rela- 
2 ۱ 25,000 2 tively little of Earth's surface. 
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sources and particular physical and chemical con- 
ditions. Some species have much broader niches 
than others. Before human interference, for ex- 
ample, the species that includes grizzlies and 
brown bears ranged over most of Europe, Asia, 
and western North America, eating everything 
from deer and rodents to fishes, insects, and 
berries. The sloth bear, in contrast, has a narrow 
niche. It is restricted to Southeast Asia, feeding 
mainly on insects, for which its peglike teeth are 
specialized, and on fruits. The ccologic niches of 
many other closely related species present similar 
contrasts. 

We speak of the way a species lives within its 
niche asa life habit. A species’ life habit is its mode 
of life — the way it obtains nutrients or food, the 
way it reproduces, and the way it stations itself 
within the environment or moves about. 

Every species is restricted in its natural oc- 
currence by certain environmental conditions. 
Among the most important of these limiting fac- 
tors are physical and chemical conditions. Most 
ferns, for example, live only under moist condi- 
tions, whereas cactuses require dry habitats. The 
salt content of water is an important limiting factor 
for species that live in the ocean. Few starfishes 
and sea urchins, for example, can live in lagoons or 
bays where normal ocean water is diluted by fresh 
water from rivers. 

Almost every species shares part of its envi- 
ronment with other species. Thus, for many spe- 
cies, competition with other species — or the pro- 
cess in which two or more species vie for an 
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Those environments on or close to Earth’s sur- 
face that are inhabited by life are called habitats. 
Nearly all habitats can be classified as terrestrial 
or aquatic. Aquatic habitats are further divided 
into freshwater habitats (e.g., lakes, rivers, and 
streams) and marine habitats (e.g., those within 
oceans and seas). Birds, bats, and insects use the 
atmosphere above the ground as a part-time habi- 
tat, but virtually all of these creatures also conduct 
some activities, such as feeding, sleeping, and re- 
production, at the surface. Later we will examine 
the nature of the various habitats on Earth to- 
gether with the forms of life that occupy them. 
First, however, we will examine some of the prin- 
ciples that govern the distribution of species 
within habitats in general. 


PRINCIPLES OF ECOLOGY 


Ecology is the study of the factors that govern the 
distribution and abundance of organisms in natu- 
ral environments. Some of these factors are condi- 
tions of the physical environment, and others are 
modes of interaction between species. 


A Species’ Position in Its Environment 


The way a species relates to its environment de- 
fines its ecologic niche. The niche requirements of 
a species include particular nutrients or food re- 
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nisms called producers, which are plants or plant- 
like organisms that manufacture their own food 
from raw materials in the environment. In con- 
trast, animals and animal-like organisms, known as 
consumers, feed on other organisms. Consumers 
that feed on producers are known as herbivores, 
and consumers that feed on other consumers are 
known as carnivores. Terrestrial herbivores in- 
clude such diverse groups as rabbits, cows, pi- 
geons, garden slugs, and leaf-chewing insects. 
Terrestrial carnivores include weasels, foxes, 
lions, and ladybugs. 

The organisms of a community and the physi- 
cal environment they occupy constitute an eco- 
system. Ecosystems come in all sizes, and some 
encompass many communities. Earth and all the 
forms of life that inhabit it represent an ecosys- 
tem, but so does a tiny droplet of water that is 
inhabited by only a few microscopic organisms. 
Obviously, then, large ecosystems can be divided 
into many smaller ecosystems, and the size of the 
ecosystem that is treated in a particular ecologic 
study depends on the type of research that is being 
conducted. The animals of an ecosystem are col- 
lectively referred to as a fauna and the plants as a 
flora. A flora and a fauna living together constitute 
a biota. 

One of the most important attributes of an 
ecosystem is the flow of energy and materials 
through it. When herbivores eat plants, they in- 
corporate into their own tissue part of the food 
that these plants have synthesized. Carnivores as- 
similate the tissue of herbivores in much the same 
way. In most ecosystems, carnivores that eat her- 
bivores are eaten in turn by other carnivores; in 
fact, several levels of carnivores are often present 
in an ecosystem. An entire sequence of this kind, 
from producer to top carnivore, constitutes a food 
chain. Because most carnivores feed on animals 
smaller than themselves, the body sizes of carni- 
vores often increase toward the top of a food chain 
(Figure 2-3). 

Simple food chains— sequences in which a 
single species occupies each level — are uncom- 
mon in nature. Most ecosystems are characterized 
by food webs, in which several species occupy 
each level. Most species below the top carnivore 
level serve as food for more than one consumer 
species. Similarly, most consumer species feed on 
more than one kind of prey. 

Parasites and scavengers add further com- 
plexity to ecosystems. Parasites are organismsthat 





20 


Centimeters 
Inches 


80 ار ی‎ M Tm 


40 


FIGURE 2-2 Differences in the niches of coexisting 
species of plants. The roots of different species occupy 
different depth zones of the soil and thus avoid compet- 
ing for water and nutrients. (After H. Walter, Vegetation 
of the Earth in Relation to Climate and Eco-Physiological 
Conditions, Springer-Verlag, Stuttgart, 1973.) 


environmental resource that is in limited sup- 
ply — is a limiting factor as well. Among the re- 
sources for which species commonly compete are 
food and living space. Often two species that live 
in similar ways cannot coexist in an environment 
because one species competes more effectively, 
thereby excluding the other. Plants that grow in 
soil, for example, often compete for water and 
nutrients in that soil; as a result, plant species liv- 
ing close together often have roots that penetrate 
the soil to different depths (Figure 2-2). 

Predation, or the eating of one species by an- 
other, is another limiting factor. An especially ef- 
fective predator can prevent another species from 
occupying a habitat altogether. 


Communities of Organisms 


Populations of several species living together in a 
habitat form an ecologic community. In most eco- 
logic communities, some species feed on others. 
The foundation of such systems consists of orga- 


FIGURE 2-3 A sequence of species forming a food 
chain within a stream. Single-celled algae are fed upon 
by nymphs (i.e., the juvenile stage) of mayfly insects. 
The nymphs, in turn, are eaten by sunfishes, which 

are preyed upon by large-mouthed bass. Otters eat the 
bass. (Organisms are not drawn to scale; the algae and 
nymphs are greatly enlarged.) 
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moist tropical forests. Only a few types of plants, 
such as eactuses, can sustain themselves in desert 
environments. 

Predation is another factor that influences the 
diversity of a community. When a predator disap- 
pears from a region, a speeies that has served as its 
prey may become much more abundant. A preda- 
tor can even eliminate a species from a commu- 
nity. Conversely, by eliminating a species’ com- 
petitors, a predator can allow the species to 
survive in a community. 

Certaintypes of physical disturbances ean also 
prevent strongly competitive species from ex- 
cluding less competitive species. Storm waves, for 
example, may tear animals and plants from rocky 
shores, leaving bare surfaces for the invasion of 
species that are weak competitors. Speeies that 
specialize in invading newly vacated habitats — 
land cleared by fire, say, or new shore areas 
formed along rivers that change course at flood 
stage — are aptly called opportunistic species. 
Populations of opportunistie species seldom sur- 
vive for long in the face of better competitors, 
however. Because opportunistic species tend to 
be good invaders, while some of their populations 
are disappearing from one area, others are be- 
coming established elsewhere. The plants that we 
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derive nutrition from others without killing their 
victims, and scavengers feed on organisms that are 
already dead. A flea that feeds on the blood of a 
dog, for example, is a parasite, as is a tapeworm 
that lives within a human. A vulture, in contrast, is 
a scavenger, as is a maggot, which feeds on dead 
flesh. 

Although material flows from one level of a 
food web to the next, it does not stop at the highest 
level. In fact, materials are cycled through the 
ecosystem continuously, with single-celled bacte- 
ria completing the cycle (Figure 2-4). Some of 
these bacteria decompose dead animals and plants 
of all types into simple chemical compounds, 
while others transform decomposed material, lib- 
erating nutrients to be reused by plants. 

The term diversity is used to describe the 
number of species that live together within a com- 
munity. Diversity can be measured in several 
ways, some of which take into account the relative 
abundance of species, but the simplest measure of 
diversity is nothing more than a count of the num- 
ber of species present. 

Diversity is normally low in habitats that 
present physical difficulties for life. Because 
plants require water to make food, for example, 
deserts contain fewer species of plants than do 


Chapter 2 Environments and Life 29 


ingly. Mammuthus, the genus that includes the 
extinct members of the elephant family known as 
mammoths, evolved in Africa about 5 million 
years ago, during the early part of the Pliocene 
Epoch. Blocked by northern oceans, mammoths 
were unable to migrate to North America until 
the Pleistocene Epoch. During the Pleistocene 
Epoch, however, large volumes of water were 
locked up on the land as glaciers (or ice sheets), 
and sea level fell throughout the world. Conse- 
quently, a land bridge emerged between Siberia 
and Alaska, allowing mammoths to invade the 
Americas, where they survived until several thou- 
sand years ago (Figure 2-5). 

The survival of mammoths in the Americas 
represents an interesting biogeographic phe- 
nomenon—the development of a relict distri- 
bution, or the presence of a taxonomic group in 
one or two locations after it has died out else- 
where. By late in the Pleistocene Epoch, mam- 
moths had disappeared from most of the area they 
had previously occupied and remained in only a 
relatively small area of North America. 


THE ATMOSPHERE 


The atmosphere, or the envelope of gases that 
surrounds Earth, serves life primarily as a reser- 
voir of chemical compounds that are used within 
living systems. The atmosphere has no outer 
boundaries; it merges gradually into interplane- 
tary space. The dense part of the atmosphere, 
however, forms a thin envelope around Earth, so 
that more than 97 percent of the mass of the atmo- 
sphere lies within 30 kilometers (~19 miles) of 
Earth’s surface. (To place this figure in perspec- 
tive, note that it resembles the average thickness 
of Earth’s continental crust.) 


Chemical Composition of the Atmosphere 


Nitrogen is the most abundant chemical compo- 
nent of the atmosphere, making up about 78 per- 
cent of the total volume of atmospheric gas. It is 
an important component of proteins, which stim- 
ulate chemical reactions and serve as important 
building blocks in all living things. Second in 
abundance is oxygen, which forms about 21 per- 
cent of the volume of the atmosphere. Both 





FIGURE 2-4 The cycle of materials through an 
ecosystem. 


call weeds are opportunistic species par excel- 
lence. In gardens and lawns, many types of weeds 
come and go in the course of a few seasons. 


Biogeography 


The distribution and abundance of organisms ona 
broad geographic scale are studied within the 
field known as biogeography. The limiting factor 
that plays the largest role here is temperature. 
Many species are restricted to polar regions, 
others to tropical regions near the equator, and 
still others to temperate regions in between. 

Among most large, widespread taxonomic 
groups of animals and plants, more species are 
adapted to the tropics than to cold climates. In 
addition, tropical communities are, on the aver- 
age, more diverse than communities situated at 
high latitudes. In general, species increase In 
number toward the equator, where many more 
kinds of animals and plants can live than the num- 
ber that can survive the harsher conditions at 
higher latitudes. 

Temperature, however, is not the only control 
of biogeographic patterns of occurrence, as evi- 
denced by the fact that most species are not found 
in all the habitats that meet their particular eco- 
logic requirements. Dispersal of most species is 
also restricted by barriers, the most obvious of 
which are land barriers for aquatic forms of life 
and water barriers for terrestrial forms of life. Of 
course, these barriers change with time, and the 
geographic distributions of species shift accord- 
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crossed the Bering land bridge, which emerged between 
Eurasia and North America. (After V. J. Maglio, Amer. 
Philos. Soc. Trans. 63:1— 149, 1986.) 


The green compound chlorophyll acts as a catalyst 
in this process, while the energy that is necessary 
for the conversion is derived from the sun. A 
smaller amount of oxygen comes from the upper 
atmosphere, where sunlight breaks down water 
vapor (H,O) into oxygen and hydrogen. 

Carbon dioxide (CO,), from which plants pro- 
duce oxygen, is contributed to the atmosphere by 
animal respiration and by the burning of fossil 
fuels. It forms only about 485 of 1 percent of the 
atmospheric volume, but in recent history its 
abundance has been much more variable than that 
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FIGURE 2-5 Changes in the geographic distribution 


of mammoths. Mammoths evolved in Africa during the 
Pliocene Epoch and spread to Eurasia. Later, during the 
Pleistocene interval, when sea level was lowered, they 


nitrogen and oxygen exist in the atmosphere as 
molecules that consist of two atoms (N, and O,); 
this is why we speak of them as compounds rather 
than as elements. 

Atmospheric nitrogen and oxygen are main- 
tained at consistent levels by being cycled 
through living organisms continuously and re- 
turned to the air. Figure 2-6 illustrates the global 
oxygen cycle. Most oxygen enters the atmosphere 
from plants, which produce it through photo- 
synthesis —the process by which water and car- 
bon dioxide are converted to sugar and oxygen. 
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=H20 Splitting of water molecules 
in upper atmosphere produces oxygen 


to produce oxygen at a lower rate. (After F. Press and 
R. Siever, Earth, W. H. Freeman and Company, New 
York, 1986.) 


Temperatures and Circulation 
in the Atmosphere 


Both the atmosphere and the ocean consist of fluid 
that is in constant motion in relation to the earth 
beneath them, and most of the energy that pro- 
duces this motion comes ultimately from the sun. 
Thus solar radiation is responsible for much of 
what takes place in the atmosphere and in the 
ocean. 

When solar energy reaches Earth, a good deal 
of it is absorbed and turned into heat energy. The 
amount of solar radiation that is absorbed at 
Earth’s surface varies from place to place accord- 
ing to the percentage of solar radiation reflected 
from the surface, a factor known as the albedo. 
Where sunlight strikes the surface at a low angle, 
so that a large percentage is reflected, it generates 
relatively little heat. Sunlight also generates less 
heat when it strikes ice than when it strikes water, 
soil, or vegetation, because ice reflects more radi- 
ation. The albedo ranges from 6 to 10 percent for 
the ocean; from 5 to 30 percent for forests, grassy 
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FIGURE 2-6 The cycle of oxygen through the atmo- 


sphere. The most rapid input of oxygen is from the pho- 
tosynthesis of producers on the land and in the sea. 
Sunlight decomposes water in the upper atmosphere 


of nitrogen and oxygen. Since 1900, the burning 
of coal, oil, and wood has increased the volume of 
carbon dioxide in the atmosphere by about 10 
percent. If this buildup continues, it will soon 
cause Earth’s atmosphere to warm up through 
the so-called greenhouse effect. This term refers 
to the manner in which a greenhouse traps 
heat. Solar radiation of short wavelength passes 
through the glass of a greenhouse and warms the 
soil within it. The soil then radiates heat of long 
wavelength, which is partly trapped by the glass. 
This is the same mechanism by which the interior 
of an automobile heats up on a sunny day. Carbon 
dioxide in the atmosphere acts in the same manner 
as the glass of a greenhouse, allowing solar radia- 
tion to pass to Earth’s surface and then preventing 
much of the resulting heat from escaping from the 
lower atmosphere. If carbon dioxide continues to 
accumulate in the atmosphere as a result of the 
burning of fossil fuels, global temperatures will 
eventually increase, and local climates will then 
change in ways that will greatly affect the patterns 
of life on Earth. 


i Wind 


Sun 






lakes are warmed by the absorption of solar radia- 
tion, and the atmosphere is warmed primarily by 
heat that rises from the land. This warming pro- 
duces fluid movement. ۲ 

Much of the transfer of heat from place to 
place in the ocean or atmosphere occurs by con- 
vection, which results from the fact that a liquid or 
gas is less dense when it is warm than when it is 
cool. Thus, if a kettle of water is heated from 
below, the warmed water near the bottom rises 
through the cooler water above; in other words, 
the water in the kettle "turns over," and contin- 
ues to do so as cooler water sinks and is warmed. 
Similarly, warm water in a glass with floating ice 
cools at the top and undergoes convective turn- 
over (Figure 2-8). 

Convection operating in conjunction with 
other forces produces major movements within 
Earth's atmosphere. Because sunlight strikes 
Earth's surface at a low angle near the poles, the 
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FIGURE 2-7 The global hydrologieal cycle. 


surfaces, or bare soil; and from 45 to 95 percent 
for ice or snow. 

Heat from the sun causes water at Earth’s sur- 
face to evaporate and to enter the atmosphere as 
water vapor (Figure 2-7). Undcr the cool condi- 
tions that characterize high altitudes, water vapor 
condenses to form clouds. Precipitation from 
clouds carries water back to Earth, where it evap- 
orates immediately or after moving through the 
ground or flowing through streams and rivers. 
Some water reaches the atmosphere again by 
transpiration, or emission from plants that have 
collected the water through their roots. Evapora- 
tion from these sites of accumulation completes 
the global hydrological cycle, or the cycle of water 
movement. 

The movement of water and water vapor 
through the hydrological cycle involves only afew 
of the many types of fluid movements driven by 
solar energy near Earth’s surface. Oceans and 
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vection shown in Figure 2-9: Warm air rises near 
the equator while cool air sinks near the poles. 
The real system, in which Earth rotates, produces 
a much more complicated pattern of atmospheric 
circulation (Figure 2-10). To understand this pat- 
tern, it is necessary to take into account the Corio- 
lis effect, which results from Earth’s rotation. As 
Earth rotates, air currents are deflected clockwise 
in the Northern Hemisphere and counterclock- 
wise in the Southern Hemisphere. 

The presence of the Coriolis effect prevents 
Earth’s atmosphere from circulating in the simple 
pattern shown in Figure 2-9. To understand why, 
consider what happens near the equator. Al- 
though air in this region rises from the warm sur- 
face of Earth and spreads in a general way to the 
north and south, the air that spreads poleward 
from the equator at high elevations does not move 
directly to the north and south because the Corio- 
lis effect deflects it toward the east. As aresult, the 
air piles up north and south of the equator more 
rapidly than it can escape toward the poles, pro- 
ducing belts of high atmospheric pressure be- 
tween about 20 and 30° north and south of the 
equator. This high pressure bears down on Earth’s 
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FIGURE 2-10 The major gyres of Earth's atmosphere. 
The lower segments of these gyres represent the major 
wind systems, labeled at the right. 
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FIGURE 2-8 Convection in liquid. A. Water in a pan 
heated from below turns over as the warm water rises 
from the bottom and the cooler water at the top de- 
scends. B. Cooling of water by ice at the top of a glass 
results in a similar convective motion. 


poles are much cooler than the equatorial region, 
where the sun’s rays impinge on the surface more 
directly. The atmosphere also becomes cooler 
with altitude above Earth’s surface, from which 
most atmospheric heat is derived. 

To understand the actual pattern of atmo- 
spheric motion, let us consider what might hap- 
pen if Earth did not rotate but were heated 
evenly on all sides by a sun that rotated in the 
plane of Earth’s equator. This imaginary system 
would produce the pattern of atmospheric con- 
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FIGURE 2-9 Circulation of atmosphere around an 
imaginary Earth that receives equal amounts of sunlight 
on all sides from a source rotating in the plane of the 
equator. One convection cell occupies the Northern 
Hemisphere and another the Southern Hemisphere. 
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sources of food but also as habitats for many ani- 
mals; numerous insects, for example, spend their 
entire lives on certain types of trees, and insects 
account for most species of organisms living in the 
world today. 

Terrestrial climates near the equator are not 
only very warm but often very moist as well. When 
air in this region rises after being heated at Earth’s 
surface, it cools (Figure 2-10); because cool air 
cannot hold as much water vapor as warm air, it 
loses moisture in the form of rain. In South Amer- 
ica and Africa, the only large continents with 
equatorial regions (Figure 2-11), the warm, moist 
conditions that characterize tropical rain forests 
allow so many kinds of plants to thrive (Figure 
2-12) that they form what are informally called 
jungles. These plants provide food and shelter for 
a wide variety of animals. 

Tropical climates— those in which the aver- 
age air temperature ranges from 18 to 20°C (~ 64 
to 68°F) or higher — are usually found at latitudes 
within 30° of the equator. You will recall that 
between 20 and 30° north and south of the equa- 
tor, the air that rises from the equator piles up and, 
after cooling, descends to form trade winds (Fig- 
ure 2-10). The air of these winds is dry, having 
dropped much of its moisture at high altitudes as 
rain. As a result, the trade winds drop little rain; 
instead, they pick up moisture from the surface of 
Earth, leaving deserts on broad continental areas 
that lie about 30° north and south of the equator. 
The Sahara is the largest of these deserts, but 





FIGURE 2-12 A tropical rainforest in Peru. (Andre 
Bürtschi.) 


surface, pushing winds at the surface toward the 
north and south. These winds are also deflected by 
the Coriolis effect. Thus the surface winds that 
flow toward the equator, known as trade winds 
(Figure 2-10), move diagonally westward. Note 
that the trade winds replace the warm air that rises 
at the equator, completing a cycle, or gyre, of air- 
flow on either side of the equator. 

Another gyre is positioned poleward of the 
trade winds. Here westerlies flow toward the 
northeast. Like the trades, these winds originate 
from the high-pressure system where air piles up 
between 20 and 30° from the equator. Still farther 
from the equator in each hemisphere is yet an- 
other gyre, which originates where cool air de- 
scends near the pole to produce easterlies. The 
section that follows explains how major air move- 
ments in the atmosphere influence the distribu- 
tion of climates and organisms. 


THE TERRESTRIAL REALM 


At the present time, the continents of the world 
stand at relatively high elevations above sea level 
(Figure 2-1). Thus the expanses of land are 
broader today than they were during most of 
Phanerozoic time. Another unusual feature of the 
modern world is a steep temperature gradient be- 
tween each pole and the equator. Whereas tropi- 
cal conditions prevail near the equator, the aver- 
age summer temperature near the north and south 
poles is well below freezing. Since climatic condi- 
tions have a profound effect on the distribution of 
organisms on the land, climates will be our first 
consideration in discussing the distribution of life 
on the broad continental surfaces of the modern 
world. 


Climates and Vegetation 


It is remarkable how closely the distribution of 
terrestrial vegetation corresponds to the geo- 
graphic pattern of climates. This correspondence, 
coupled with the fact that plants are the dominant 
producers of the food web and thus strongly affect 
the distribution and abundance of animals, makes 
climate an especially significant factor in terres- 
trial ecology. Plants, in fact, serve not only as 


but only in regions so far from oceans that they 
receive little moisture (Figure 2-11). 

Savannahs and grasslands form in areas where 
rainfall is sufficient for grasses to thrive, but not 
sufficient to allow the growth of forests. Many sa- 
vannahs and grasslands are, in fact, positioned be- 
tween dry deserts and wet woodlands. The Great 
Plains of the United States is one such region; 
others are found in Africa, where the savannahs 
are noted for their populations of large animals 
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FIGURE 2-14 The thick glaeial ice eap of Greenland, 
which depresses the continental crust. (After F. Press 


and R. Siever, Earth, W. H. Freeman and Company, New 
York, 1986.) 
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FIGURE 2-13 The Sonora Desert of Arizona. (Peter 
Kresan.) 


broad deserts also occupy southern Africa, central 
Australia, and southwestern North America (Fig- 
ure 2-13). 

Most deserts receive less than 25 centimcters 
(— 10 inches) of rain per year. Because only a few 
types of plants can live under such conditions, the 
desert environment is characterized by sand and 
bare rock rather than by dense vegetation (Figure 
2-13). Some desert plants, such as cactuses, have 
the capacity to store water, and nearly all have 
small leaves so that a minimum of water is lost by 
evaporation. Few species of animals can survive in 
the desert environment, anda large percentage of 
those that do are nocturnal; many are small ro- 
dents that find refuge from the hot sun by remain- 
ing in burrows during the day. 

Deserts also form at latitudes where moisture 
is more plentiful, but only where regional condi- 
tions minimize the moisture in the air. The Sierra 
Nevada near the west coast of the United States, 
for example, leaves what is known as a rain 
shadow to their east. Winds rising from the west 
over the Sierra Nevada cool and lose their mois- 
ture rapidly, so even the highest elevations of the 
mountain range receive less rain than the lower 
western slopes. Even less rain is shed on the east- 
ern side, where the air heats up as it descends. 
There, in the rain shadow, lies the Great Basin, a 
desert that includes most of the state of Nevada. 
Deserts also exist at high latitudes in central Asia, 
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of internal deformation. This movement resem- 
bles the flowing of any solid material as it nears its 
melting point. Glaciers form not only at high lati- 
tudes but also at high elevations near the equator, 
where the atmosphere and surface of Earth are 
cool. They occupy mountain valleys, through 
which they flow downhill. When they encounter 
warmer temperatures closer to sea level, they 
usually melt, though near the poles they may 
reach the sea before they can do so. Large chunks 
of ice then break from their terminal portions and 
float off in the form of icebergs. 

Nearly all of Antarctica is covered by ice, but 
no other large continent in the Southern Hemi- 
sphere has large areas that experience very cold 
conditions year round. In the Northern Hemi- 
sphere and in many tropical areas above the tree 
line, however, there is a type of subarctic ecosys- 
tem knownas tundra. Tundra exists in areas where 
a layer of soil beneath the surface remains frozen 
even though air temperatures rise above freezing 
during the summer. Under these conditions, 
water is never available in abundance. The domi- 
nant plants in tundras are not grasses and tall trees 
but rather plants that need little moisture, such as 
mosses, sedges, lichens (associations of algae and 
fungi), and low-growing trees and shrubs. A broad 
belt of tundra stretches across the northern mar- 
gins of North America and Eurasia, supporting a 
low diversity of animal life (Figure 2-16). Rodents 
and snowshoe hares are present in tundras today, 





FIGURE 2-16 A caribou grazing in North American 
tundra. (Michael Francis/ Wildlife Collection.) 


(p. 24). Most of the herbivores found in savannahs 
and grasslands— including bisons, antelopes, 
zebras, and wildebeests — are relatively large an- 
imals that graze on grasses and have enough stam- 
ina to flee from carnivores such as jackals, lions, 
and cheetahs. The majority of carnivores in these 
regions are also large animals that have the ability 
to capture the large grazers. Many savannahs and 
grasslands also support scattered trees, and these 
habitats intergrade with open woodlands. 

In sharp contrast to the rich biotas of tropical 
rain forests, warm savannahs, and woodlands are 
the meager biotas located near the north and 
south poles. Today large ice caps cover Greenland 
and Antarctica, the two large continents of polar 
regions. Such ice caps have been absent from 
Earth in past times, when no large continents have 
occupied polar regions or when the polar regions 
have been warmer. The ice caps of Greenland and 
Antarctica are now so heavy that they actually 
depress the continental crust (Figure 2-14). These 
ice caps are continental glaciers. 

Glaciers are among the most impressive phys- 
ical structures on Earth. They are not simply 
masses of ice; they are masses of ice in motion 
(Figure 2-15). Glaciers form from snow that accu- 
mulates until it is so thick that the pressure of its 
weight recrystallizes the individual flakes into a 
solid mass. Glaciers slide slowly downhill, but 
they also spread over horizontal surfaces because 
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FIGURE 2-15 The Hubbard glacier of Alaska. A large 
piece of the glacier is plunging into the water. Pieces 
that broke off earlier float in the foreground as icebergs. 


(Tom Bean.) 


B e TEES 


FIGURE 2-17 The cycad, a plant that was especially 
common during the Mesozoic Era. A. A living cycad. 
Today few cycads are found outside the tropics, and it 
appears that ancient cycads were also restricted to warm 
climates. B. The distribution of cycads today. (A. Gerald 
Cubitt. B. After C. B. Cox and P. D. Moore, Biogeography: 
An Ecological and. Evolutionary Approach, John Wiley 

1» Sons, Inc., New York, 1980.) 


Flowering plants, which include not only 
plants with conspicuous flowers but also hard- 
wood trees (e.g., maples, beeches, and oaks) as 
well as grasses and their relatives, are valuable 
indicators of climates of the past 80 or 90 million 
years, the interval during which they have been 
abundant on Earth. The thick, waxy leaves found 
on some hardwood plants, for example, help these 
plants retain moisture and thus serve to indicate 
that fossil hardwood plants lived in warm climates. 
Leaf margins provide an even more useful means 
of assessing temperatures of the past. Leaves with 
smooth rather than jagged or toothed margins are 
especially common in the tropics. In fact, if a large 
flora occupies a region that is characterized by 
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and the dominant herbivores of larger size are the 
caribou, reindeer, and musk ox. Foxes and wolves 
are the primary hunters. 

South of the tundra in the Northern Hemi- 
sphere, in areas where moisture is sufficient, for- 
ests rather than deserts or grasslands are found. 
The cold regions adjacent to tundra are cloaked in 
evergreen coniferous forests, dominated by such 
trees as spruce, pine, and fir. These trees are suc- 
cessful in areas with short summers because of 
their ability to conduct photosynthesis (i.e., to 
make food) year round. The diversity of animals in 
cold evergreen forests is not so great. To the 
south, in slightly warmer climates with longer 
summers, temperate forests replace evergreen 
forests. Some evergreen trees canbe found in such 
forests, but deciduous trees such as maples, oaks, 
and beeches are usually present in greater abun- 
dance. Ground animals are more diverse in tem- 
perate forests than in cold evergreen forests, and 
birds are especially well represented. 

Mediterranean climates, which are charac- 
terized by dry summers and wet winters, often 
prevail along coasts that lie about 40? from the 
equator. During the summer, the land in these 
areas is warmer than the ocean, so that moist air 
coming off the ocean is warmed over the land and 
retains its moisture. In the winter the land is 
cooler than the ocean, so that moist sea air cools 
over the land and drops its moisture. This type of 
climate characterizes much of California and 
southeastern Australia as well as the Mediter- 
ranean region. Mediterranean climates support 
chaparral vegetation, which consists primarily of 
shrubby plants with waxy leaves that retain mois- 
ture during summer droughts. Such climates have 
attracted large human populations, which have 
altered them greatly by decimating the native 
biotas. 


Fossil Plants as Indicators of Climate 


Because plants are so sensitive to environmental 
conditions, the fossils of many plants can be used 
to interpret climatic conditions of the past. The 
cycads, for example, are an ancient group of plants 
that are now found growing only in tropical and 
subtropical settings (Figure 2-17). Because this 
distribution seems to reflect a fundamental physi- 
ological limitation of the group, it is assumed that 
fossil cycads also lived in warm climates. 
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Earth’s history. For this reason, and because so 
many types of organisms live in the ocean, the 
seafloor is also where most species of the fossil 
record have been preserved. 

We have seen how the geographic distribu- 
tion of terrestrial species reflects broad patterns 
of air movement in the atmosphere. In a similar 
way, the distribution of marine species reflects 
large-scale movements of water in the ocean. 


Water Movements 


The major ocean currents at Earth’s surface owe 
their existence primarily to large-scale winds. The 
trade winds blow toward the equator from the 
northeast and southeast (Figure 2-10), pushing 
equatorial water westward to form the north and 
south equatorial currents (Figure 2-19). These 
currents pile water up on the western sides of the 
major ocean basins, where some of the water flows 
backward under the influence of gravity as equa- 
torial countercurrents. 

Because equatorial currents are also affected 
by the Coriolis effect, they are deflected toward 
the poles as they approach the western bounda- 
ries of ocean basins. (Recall that the Coriolis effect 
bends a current in the Northern Hemisphere 
toward the right, or clockwise, and bends a 
current in the Southern Hemisphere toward the 
left, or counterclockwise.) At the same time, the 
trade winds drive water along the eastern margins 
of ocean basins toward the equator. The result of 
these movements for each major ocean is a full 
clockwise gyre north of the equator and a coun- 
terclockwise gyre south of the equator. The In- 
dian Ocean, most of which lies south of the equa- 
tor, has only a counterclockwise gyre. The Gulf 
Stream, a famous segment of another gyre, carries 
warm water from low latitudes across the North 
Atlantic to warm the shores of Great Britain, 
where, in the southwest, palm trees survive more 
than 50° north of the equator. An eastern segment 
of the Pacific gyre has the opposite effect, bring- 
ing cool water to the coast of California. 

In the Southern Hemisphere, the southern 
segments of the three gyres are known as the 
westwind drifts. Strengthened by westerly winds 
(Figure 2-10), these drifts join to form the Ant- 
arctic circumpolar current (Figure 2-20). The 





Average annual temperature (°C) 


Percent of entire-margined species 


FIGURE 2-18 Relation between climate and the 
shapes of leaves of flowering plants. In the modern 
world the average annual temperature of a region is 
closely correlated with the percentage of plant species 
with entire (or smooth) margins. (After J. A. Wolfe, 
American Scientist, 66:994 — 1003, 1978.) 


moderate or abundant precipitation, the percent- 
age of plant species with smooth margins provides 
a remarkably good measure of the average annual 
temperature of that region (Figure 2-18). As we 
will see in Chapters 14, 15, and 16, this relation- 
ship has revealed a considerable amount of infor- 
mation about temperatures of the Late Cre- 
taceous and Cenozoic intervals of geologic time. 

Inasmuch as certain groups of animals are also 
restricted to warm regions, some animal fossils 
also serve as indicators of warm climates. Reptiles, 
whieh do not maintain constant warm body tem- 
peratures, are among the animals that cannot live 


in very cold climates. 


THE MARINE REALM 


The ocean floor is a vast basin in which most sedi- 


ments have accumulated over the course of 
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landmasses of North America and Eurasia inhibit 
the development of a comparable circumpolar 
current in the Northern Hemisphere. 

Near the poles, water that is dense because it 
is frigid and more saline than normal sinks to great 
depths (Figure 2-21). When this water reaches 
the deep seafloor, it spreads toward the equator. 
Antarctic water that descends in this manner is 
slightly colder than the Arctic water from the 
north, so it hugs the bottom of the sea and flows 
well into the Northern Hemisphere. Above this = 
water, which remains at near-freezing tempera- E 
tures, slightly warmer Arctic water flows south- 
ward. These currents supply the deep sea with 
oxygen from Earth’s atmosphere near the poles. 
This oxygen permits a wide variety of animals 
to live in the bottom water despite the freezing 
temperatures. 

Waves are yet another important form of FIGURE 2-20 The eastward-flowing circumpolar 
water movement. Surface waves result from the current around Antarctica. Note in Figure 2-19 how 
circular movement of water particles under the this current is formed by the large counterclockwise 
influence of the wind. Because this movement de- gyres of southern oceans. (After A. N. Strahler, The 
creases with depth, wave motion has no effect Earth Sciences, Harper & Row, New York, 1971.) 
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Farthest: least gravitational attraction 
Average: mean attraction for whole Earth 


Closest: greatest gravitational attraction 





FIGURE 2-23 "The origin of tides in the ocean. The 
moon exerts a gravitational attraction on the oceans that 
is strongest closest to the moon, causing the ocean to 
bulge out. The weakest attraction is on the side farthest 
from the moon, and thus the ocean bulges out there as 
well. The solid Earth rotates beneath these tidal bulges, 
causing them to move in relation to it. (After F. Press 
and R. Siever, Earth, W. H. Freeman and Company, New 
York, 1986.) 


Tides, which also cause major movements of 
water in the oceans, result from the rotation of the 
solid Earth beneath bulges of water that are pro- 
duced primarily by the gravitational attraction of 
the moon (Figure 2-23). Astides approach a coast, 
they often generate strong currents. A tide flows 
toward a coast and then ebbs again within a few 
hours as Earth rotates, moving the coast away 
from the tidal bulge. As tides ebb and flow at the 
edge of the sea, they move the shoreline back and 
forth across an intertidal zone. Landward of this 
zone is the supratidal zone, a belt that is dry ex- 
cept when flooded by storms or strong onshore 
winds that coincide with high tide. 


The Depth oi the Sea 


The depth of the sea varies from the thickness of a 
film at the shoreline to more than 10 kilometers 
(— 6 miles) in the deep sea. Large areas of seafloor 
lie between 3 and 6 kilometers (—2 to 4 miles) 
below sea level (Figure 2-1). These areas consti- 
tute the abyssal plain. 

More details of the configuration of the sea- 
floor are shown in Figure 2-24. A continental 
shelf is nothing more than the submarine exten- 
sion of a continental landmass. The shelf break 
marks the edge of the shelf; seaward of it, the 
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FIGURE 2-21 Formation of cold bottom water around 
Antarctica. Water flowing below the surface of the 
ocean from low latitudes rises up against the continen- 
tal margin all around Antarctica. Here it becomes more 
dense, for two reasons. First, it loses heat to the cold at- 
mosphere. Second, freezing of some of the water to 
form sea ice leaves excess salt behind, so that the re- 
maining water is slightly hypersaline. The cold, salty, 
dense water formed in this way sinks to the deep sea- 
floor, where it spreads throughout the world. (After 

A. L. Gordon and J. C. Comiso, Scientific American, June 
1988.) 


below a certain water depth, often several meters 
below the surface, depending on the size of the 
wave. Waves that are far from shore form swells 
that lack sharp crests. Very close to shore, the 
seafloor so greatly impedes the forward move- 
ment of waves that they steepen and break (Figure 
2-99). 


Plunging 
breaker 


Heightened and 
sharpened crests 





FIGURE 2-22 Waves breaking as they approach a 
beach. Offshore the waves take the form of swells; when 
the motion of a wave below the sea surface is obstructed 
by the seafloor, the upper part of the wave spills over 
toward the beach. (After F. Press and R. Siever, Earth, 
W. H. Freeman and Company, New York, 1986.) 


years. For this reason, continental seas are not 
well developed; Hudson Bay in eastern Canada is 
perhaps the best modern example. As we journey 
through Phanerozoic time in later chapters, we 
will examine many ancient epicontinental seas 
and the life they harbored. 

How is life of the ocean related to the water’s 
depth? Depth itself is probably a limiting factor 
for only a few species, but some significant limit- 
ing factors such as light (in the case of plants) and 
temperature are often closely related to depth. 
The upper layer of the ocean, where enough light 
penetrates the water to permit plants to conduct 
photosynthesis, is known as the photic zone. Al- 
though the base of this zone varies from place to 
place depending on the clarity of the water, it 
usually lies between 100 and 200 meters (~ 300 to 
600 feet) below sea level. It happens that 200 
meters is also the approximate depth of the shelf 
break in most areas. ۱ 

For life of the seafloor, the most profound en- 
vironmental change associated with depth takes 
place along the margin of the ocean. In contrast to 
life of the adjacent subtidal seafloor, which is 
never exposed to the air, the biota of the intertidal 
zone must endure large, often rapid fluctuations 
in environmental conditions. At some latitudes in 
this zone, hot dry conditions prevail at low tide 
during the summer, yet winter chills drop tem- 
peratures below freezing. Furthermore, in the 
surf zone, where waves break along a beach, the 
constant movement of the sand permits only a few 
species to survive. Species that live in this zone are 





FIGURE 2-25 An intertidal marsh along the coast of 
Virginia. (Bates Littlehales.) 


42 PART] The Environmental Setting 


Epicontinental sea 





Sea level intertidal zone 


3-6 _ Barrier island 


(~ 600 


200 meters { T. 
feet) 


Continental slope 


Continental rise 


Abyssal plain 
FIGURE 2-24 The aquatic environments at the edge 
of a continent. When the water is clear, the continental 
shelf —the submerged margin of a continent — usually 
lies within the photic zone, where enough sunlight pen- 
etrates to permit photosynthesis. 


continent pinches out along the continental slope. 
Near the base ofthe continental slope, continental 
crust gives way to oceanic crust. Just seaward of 
this juncture is the continental rise, consisting of 
sediment that has been transported down the con- 
tinental slope. Beyond the continental rise lies the 
abyssal plain, which is the surface of a layer of 
sediment resting on oceanic crust. When we speak 
of the deep seafloor, we are usually referring to 
the region below the shelf break; the area above 
the deep seafloor is often referred to as the oce- 
anic realm. 

Along the margin of the sea, barrier islands of 
sand heaped up by waves and wind often parallel 
the shoreline. In the protection of these elongate 
islands are relatively quiet lagoons or bays. 
Marshes, which are formed by low-growing plants 
that inhabit the intertidal zone, fringe the margins 
of these ponded bodies of water (Figure 2-25). 
Here plant remains accumulate as peat, which, if 
buried under the proper conditions of tempera- 
ture and pressure, can turn to coal. In places the 
sea spreads farther inland over a continent, form- 
ing a broad, semi-isolated epicontinental sea. At 
the present time the seas happen to stand lower in 
relation to continental surfaces than they have 
dene at most times during the past 600 million 
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gions) caleareous nannoplankton (nanno = very 
small). The general characteristics of these groups 
of algae are shown in Figure 2-26. All three 
groups have extensive fossil records—the dia- 
toms and calcareous nannoplankton because they 
have hard skeletons and the dinoflagellates be- 
cause they have durable cell walls. 

Feeding on the phytoplankton are floating an- 
imals known as the zooplankton, among which are 
small shrimplike crustaceans and other animals 
that spend their full lives afloat. Also included in 
this group are the floating larvae of some inverte- 
brate species that spend their adult lives on the 
seafloor. These larvae allow the seafloor species to 
disperse over large areas of the ocean; after 
spending time in the plankton, they settle to the 
sea bottom and develop into adult animals. Some 
members of the zooplankton are carnivores that 
feed on other zooplankton. 

Although many types of plankton have the ca- 
pacity to swim, planktonic species move through 
the ocean primarily by drifting passively along, 
going with the flow. Animals that move through 
the water primarily by swimming are termed nek- 
ton. The most important of these swimmers are 
fishes. Both the plankton and the nekton include 





spectively, (A. Michael Hoban, California Academy of 
Sciences. B. C. L. Stein. C. Mitch Covington, Florida Geo- 
logical Survey.) 





exceptionally mobile and can quickly reestablish 
themselves in the sand if they are dislodged by a 
wave. 

Conditions are unusual in the deep sea, too, 
but here the environment is more stable. As we 
have seen, the frigid water that descends over the 
abyssal plain from polar regions approaches the 
freezing point. In fact, all of the oceans’ waters are 
cool at depths below about 500 meters (~ 1600 
feet), The environment formed by these waters, 
known as the psychrosphere, is inhabited by 
unique groups of species that are adapted to cold 
conditions. 


Marine Life Habits and Food Webs 


Most of the photosynthesis that takes place in the 
ocean is conducted by single-celled floating algae. 
For this reason, these algae are widely considered 
to be the most important producers at the base of 
the food web. Organisms that float in water are 
known as plankton, and plantlike organisms that 
belong to this group constitute the phytoplank- 
ton. The most important groups of phytoplankton 
are dinoflagellates, diatoms, and (in warm re- 





FIGURE 2-26 Representatives of the major types of 
single-celled algae in modern oceans: a dínoflagellate 
(A), a díatom (B), and a cell of calcareous nannoplank- 
ton (C). Theír diameters are about 10, 10, and 8 um, re- 
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plankton from the water. As the amount of plant mate- 
rial diminishes with depth, the abundance of animal life 
diminishes as well. A few herbivores that feed on plank- 
ton suspended in the water, such as sponges and crin- 
oids (sea lilies), live on the deep seafloor, but most 
herbivores there extract their food from sediment. Bac- 
teria in the deep sea turn dead organic matter into nu- 
trients that upwelling currents carry to the surface for 
use by phytoplankton and other photosynthetic life. 
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FIGURE 2-27 The food web in the ocean. (The various 
forms of life are not drawn to scale.) Phytoplankton oc- 
cupy the photic zone of the ocean, and thus most zoo- 
plankton, which feed on phytoplankton, also live here. 
On continental shelves, especially near the shore, bot- 
tom-dwelling plants also contribute food to the marine 
ecosystem. Most species of large carnivores are fishes. 
Whales are warm-blooded mammals that include carniv- 
orous porpoises and sperm whales, which feed on large 
animals, as well as baleen whales, which strain tiny zoo- 
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A wide variety of benthos are found on the 
shallow seafloors of the photic zone. Here most of 
the food at the base of the food web comes from 
phytoplankton, although some also derives from 
benthic plants. In the deep sea, however, where 
suspended food is scarce, only a few kinds of 
benthos strain food from the water: Most herbi- 
vores extract food from sediment, and so do many 
types of carnivorous fishes. In fact, numerous spe- 
cies live along the cold, dark abyssal plain. Or- 
ganic debris arrives here from shallow waters at a 
very slow rate, however, so the density of animals 
is low. Thus a survey of 1000 square meters of 
deep seafloor might uncover dozens of species, 
each represented by a small number of individuals. 

Bacteria live throughout the ocean but are 
most abundant in the deep sea, where organic 
debris accumulates. Some bacteria decompose 
this debris, while others transform some of the 
products of decay into simple nutrient compounds 
of nitrogen and phosphorus. Phytoplankton use 
these compounds to make food, thereby cycling 
the materials back through the ecosystem. A cru- 
cial step in this recycling is the physical process 
known as upwelling, or the movement of cold 
water upward from the deep sea to the photic 
zone. Upwelling tends to occur along the margins 
of continents, where the large oceanic gyres drag 
water away from the land (Figure 2-19); this water 
is replaced by water that wells up from the deep 
sea. Upwelling often brings nutrients to the photic 
zone in large quantities, producing an unusually 
rich growth of phytoplankton. The phytoplankton 
support large populations of zooplankton, which 
in turn support large populations of fishes. 


Marine Temperature and Biogeography 


In the marine realm, as in the terrestrial realm, 
temperature plays a major role in the geographic 
distribution of species. A pattern can be seen in 
the distribution of planktonic life. The calcareous 
nannoplankton, for example, live primarily in 
warm waters; individual species are found in 
narrow latitudinal belts where water tempera- 
tures remain within certain limits (Figure 2-28). 
Most species of planktonic diatoms, in contrast, 
live in cool waters at high latitudes. 

The geographic distributions of species of the 
seafloor are also limited by temperature, and 


not only herbivores, which feed on phytoplank- 
ton, but also carnivores, which feed on other ani- 
mals. Planktonic and nektonic organisms together 
constitute pelagic life, or oceanic life that exists 
above the seafloor. 

Both immobile and mobile organisms also 
populate the seafloor, and these organisms are 
known as benthos, or benthic (or benthonic) life. 
The seafloor itself is often referred to as the sub- 
stratum. Some substrata are formed of rock, but 
they are more likely to be composed of soft sub- 
stances such as loose sediment. Some benthic or- 
ganisms live ontop ofthe substratum, while others 
live within it. 

Just as producers and consumers float in the 
water, both nutritional groups are found on the 
seafloor. Benthic producers include certain kinds 
of single-celled algae as well as multicellular 
plants. Because they require light, these photo- 
synthetic forms must live on or close to the surface 
of the substratum. 

Some benthic herbivores graze on plantlike 
forms, especially algae growing on hard surfaces. 
Some strain phytoplankton and plant debris from 
the water. Others consume sediment and digest 
organic matter mixed in with the mineral grains. 

Bottom-dwelling carnivores of modern seas 
include crabs and starfishes as well as several kinds 
of snails and worms. In addition, many fishes swim 
close to the sea bottom and feed on bottom- 
dwelling animals. 

Figure 2-27 depicts the basic features of the 
marine food web. The phytoplankton occupy the 
photic zone above both the continental shelves 
and the deep sea. Joining them as producers 
on continental shelves, where the photic zone 
reaches the seafloor, are bottom-dwelling plants. 
The high concentration of phytoplankton in the 
photic zone causes zooplankton to be concen- 
trated there as well. Some herbivorous zooplank- 
ton can also be found at greater depths, where 
they feed on the algal cells and plant debris that 
rain slowly down from the photic zone. 

Different kinds of swimmers occupy different 
depth zones in the ocean. Some, such as herring, 
feed on zooplankton. So do the great baleen 
whales, which strain zooplankton through a sieve- 
like bony structure. Other fishes, including nearly 
all sharks, are carnivorous, as are Many kinds of 
whales. Carnivores are found at all depths of the 
ocean, although some species are restricted to 
narrow depth zones. 
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Box 2-1 
The Fragile Reef 


Norbert Wu.) 


those of the warmest tropical seas in the world 
today are lethal to most coral species. Reefs can 
flourish only where water movements are strong 
enough to provide a rich supply of the zooplankton 
upon which corals feed. The water must also be 
clear, because sediment in suspension hinders 
corals’ feeding and screens out sunlight needed 

by their symbiotic algae. Finally, reefs suffer if the 
water is overly rich in nutrients, especially phos- 
phates, because such water favors the growth of 
mats of fleshy algae. These algae, which are quite 
unlike the tiny symbiotic algae in the corals’ tissues, 
can smother corals and other members of the reef 
community. 

Another factor that contributes to the instability 
of a coral reef community is the interdependence of 
its species; the disappearance of one kind of orga- 
nism can devastate many others. In 1983, the sud- 
den death of sea urchins wreaked havoc on reefs 
throughout the Caribbean. For unknown reasons, 
about 98 percent of the population of the sea ur- 
chin Diadema vanished. While some humans might 
otherwise have applauded the decline of this crea- 
ture, whose poisonous, needlelike spines cause fre- 
quent injuries to swimmers, the ecologic result was 
disastrous. Sea urchins graze on soft algae and 
prevent them from forming the mats that smother 
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Living coral reefs, with their colorful assemblages 
of animals and plants, are among the most beautiful 
biotic communities on Earth. Snorkelers flock to 
shallow tropical seas to marvel at these magnificent 
underwater kingdoms. Of all living communities, 
however, reefs are among the most vulnerable to 
environmental change, and today many coral reefs 
are under severe environmental stress because 
humans are altering their habitat. The fossil record 
alerts us to the alarming possibility that many mod- 
ern reef ecosystems may collapse in the coming 
decades. During the past 600 million years a suc- 
cession of communities have built reefs resembling 
those of the modern world. The reign of each group 
of reef builders ended abruptly, with reefs nearly 
disappearing from the world’s oceans. After each 
crisis, reefs recovered their luxuriance only after 
millions of years of evolution. 

The reef ecosystem is fragile because reef 
corals have very specific ecologic requirements. 
They can live only in waters of normal marine sa- 
linity; they cannot tolerate brackish or hypersaline 
conditions. Reef corals also require warm water, 
apparently because warmth facilitates the corals’ 
secretion of their calcium carbonate skeletons. Few 
reefs grow more than 30° north or south of the 
equator. Yet temperatures only slightly higher than 
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Tropical 





plankton in the modern ocean. Although these mem- 
bers of the phytoplankton are found in cold waters, 
fewer species live there than in warm-water zones. 
(After A. McIntyre and A. W. H. Bé, Deep Sea Research, 
14:561-597, 1967.) 


some large groups of animals and plants are re- 
stricted to certain latitudes. The reef-building 
hexacorals represent one of the most important 
groups ofthis type, forming massive reefs that are 
restricted largely to the tropics (Box 2-1). 

Hexacorals are saclike animals with tentacles. 
Most of them derive nutrition from smaller ani- 
mals that they capture from the water by means of 
stinging cells on their tentacles. 

Reef-building corals are colonial animals that 
grow as clusters of connected individuals, or 
polyps. A colony forms from a single original 
polyp that develops from a larva. The original 
polyp gives rise to a colony by budding off addi- 
tional polyps which, in turn, bud off others. Each 


corals. Following the decline of Diadema, mats of 
algae quickly spread over reefs, killing many corals 
and other reef builders. It was several years before 
populations of Diadema expanded to their former 
densities, and the damaged reefs are still in the 
process of recovering. 

Modern coral reefs have held their own against 
natural disasters over vast stretches of time, but 
today human disturbances threaten to inflict more 
lasting damage on many reefs, or even total de- 
struction. Nearly 2 million people a year visit 
the Pennekamp Coral Reef State Park in Florida, 
which includes a substantial fraction of the few 
well-developed shallow-water coral reefs in North 
American waters. About half of these enthusiastic 
visitors plunge into the water, and many bump into 
corals or trample them. Boats also scrape the reefs. 
Coral colonies that have taken decades or even 
centuries to grow are being destroyed, and many 
areas of the reef are already dead. Reef dwellers 
are also being poisoned by sewage, toxic wastes, 
and petroleum compounds discharged by boaters 
and by the burgeoning population of the Florida 
Keys. Phosphates from fertilizers and human waste 
do less direct damage. They promote the growth of 
smothering algal mats, as does the heavy fishing in 
surrounding waters, because many kinds of fish 
graze on algae. 

Human activities that are accentuating the 
greenhouse effect (p. 31) may soon prove damag- 
ing to coral reefs in many areas of the world. Fore- 
most among these activities is the burning of 
organic compounds, which releases carbon dioxide 
into the atmosphere. Pulses of regional warming 
unrelated to human activities have killed some reef- 


building corals of the Pacific Ocean in recent years. 


These events have sounded an important warning. 
If, during the next few decades, human-induced 
greenhouse warming greatly elevates temperatures 
of tropical seas throughout the world, coral reefs 
may suffer widespread damage. 
The fossil record, then, shows us that organic 
reefs have always tended to be ecologically fragile 


structures, and the ecology of modern reefs indi- 


cates that they are not exceptions to this rule. 
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margins of the ocean. Brackish conditions result 
from an influx of water from rivers into bays or 
lagoons that are partially isolated from the open 
ocean. Hypersaline eonditions also develop in 
bays and lagoons, but only in those whose waters 
evaporate rapidly — usually in hot, arid climates. 

The salinity of brackish and hypersaline 
waters typically changes frequently in response to 
changes in rainfall and in evaporation rates. The 
salt content of the tissues of most animals is similar 
to that of normal seawater. Marine animals there- 
fore tend to find it difficult to move into a habitat 
where the salinity is abnormal or fluctuating. It is 
hardly surprising that most bays and lagoons eon- 
tain fewer species of animals than normal marine 
habitats. Many marine animals migrate into 
marshes to breed, however, because the scarcity 
of predators here and the abundance of organic 
matter from decaying vegetation improve the 
chances that offspring will survive. 


Freshwater Environments 


The difficulty of living in water of low salinity is a 
major reason the faunas of rivers and lakes are not 
very diverse. Rivers and lakes are freshwater hab- 
itats, or habitats whose salinities remain below 5 
parts per thousand (0.5 percent). Most freshwater 
animals must have ways of excreting exeess water 
that enters their body tissues from the environ- 
ment. Phytoplankton and zooplankton similar to 
those of the ocean also inhabit lakes, but in re- 
duced variety. Beeause streams and rivers are 
eonstantly in motion, they do not sustain a plank- 
tonic community as complex as that of the ocean. 
Most producers occupying rivers live on the bot- 
tom, and a large proportion of consumers are im- 
mature growth stages of terrestrial insects (Figure 
2-3). Both lakes and rivers differ from the ocean 
also in their small variety of larger animal speeies. 
Unfortunately, relatively few kinds of these ani- 
mals are readily preserved as fossils; fishes and 
shelled mollusks are the primary exceptions. 

As we shall see, most major groups of aquatic 
life evolved in the ocean, and only later did some 
invade less hospitable freshwater environments. 


CHAPTER SUMMARY 


1 The way a species interacts with its environ- 
ment defines its ecologic niche. 
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polyp secretes a cup of calcium carbonate, and the 
adjacent cups are fused to form a large composite 
skeleton. 

Some other types of reef dwellers join corals 
in contributing skeletons to the solid reef struc- 
ture. Aiding corals in forming their large colonies 
are single-celled algae that live and multiply in the 
coral tissues. The corals supplement their diet by 
digesting some of these algae. Before they are di- 
gested, however, algae cells remove carbon diox- 
ide from the corals for use in photosynthesis. In 
this way, the algae faeilitate the corals’ secretion 
of their calcium carbonate skeleton. Speeies that 
lack such algae cannot form reefs. 

Reefs form their own fossil records as they 
grow. Beneath their living surface they consist of 
the remains of the dead animals and plants that 
were responsible for their construction. Other 
kinds of limestones are also largely tropical in dis- 
tribution (see Appendix I). 

Oxygen isotopes of fossil shells have been used 
in efforts to determine the temperatures at which 
animals lived millions of years ago. Oxygen oecurs 
naturally in two isotopic forms, or forms of the 
element that have different atomic weights. Oxy- 
gen 18 has two more neutrons than the more com- 
mon form, oxygen 16, and is thus the heavier iso- 
tope. The two isotopes have the same chemical 
properties, but marine organisms that secrete 
shells incorporate the isotopes in slightly different 
proportions, depending on the temperature of the 
environment. As temperature decreases, the per- 
centage of oxygen 18 increases. A difficulty en- 
countered in attempts to analyze ancient ocean 
temperatures by means of oxygen isotopes is that 
some ancient shells have suffered chemical alter- 
ation after burial. As a result, temperature esti- 
mates based on oxygen isotopes are sometimes 
inaccurate. 


Salinity as a Limiting Factor 


The saltiness of natural water is called salinity. 
Oceanic seawater contains about 35 parts of salt 
per thousand parts of water, or is said to have a 
salinity of 35 parts per thousand (3.5 percent). 
Salinities of 30 to 40 parts per thousand are re- 
garded as within the normal range for seawater; 
water of lower salinity is called brackish, while 
water of higher salinity is termed hypersaline. 
Brackish and hypersaline conditions are most 
commonly found in bays and lagoons along the 
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sea, but their populations are quite small because 
little food reaches this environment. 


14 The salinity of bays and lagoons near the mar- 
gin of the ocean differs from that of normal sea- 
water and fluctuates greatly; relatively few spe- 
cies are able to live in these environments. 


15 Freshwater environments, such as lakes and 
rivers, usually harbor relatively few species be- 
cause life in fresh water poses physiological prob- 
lems for many kinds of animals. 


EXERCISES 


1 Sometimes the species of a community are de- 
scribed as forming a food chain. Why is it usu- 
ally more appropriate to speak instead of a food 
web? 


2 Which terrestrial and marine environments 
characteristically contain few species? Explain 
why each of these environments is populated in 
this way. 


3 How do the main kinds of producers (photo- 
synthesizers) in the ocean differ in mode of life 
from those on the land? 


4 What can fossil plants tell us about ancient envi- 
ronments? 


5 What does the shape of the hypsometric curve 
tell us about the distribution of seafloor envi- 
ronments? 


6 Explain the greenhouse effect. 
7 How do winds affect the ocean on a large scale? 


8 Rain forests are sometimes likened to coral 
reefs, in that both support communities of 
highly diverse species. Why are both communi- 
ties restricted to the tropics? 
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2 The distribution and abundance of any species 
are governed by a number of limiting factors: the 
availability of food, the nature of physical and 
chemical conditions in the environment, and the 
presence of other species that are potential pred- 
ators or competitors. 


3 Communities are groups of coexisting species 
that form food webs. Plants, which are at the base 
of most food webs, are fed upon by herbivores, 
whieh are fed upon in turn by carnivores. Com- 
munities and the environments they occupy con- 
stitute ecosystems. 


4 The diversity of a community is the variety of 
species it encompasses. 


5 Bacteria decompose dead organisms and trans- 
form the products of decay into compounds that 
serve as plant nutrients. Thus materials are cycled 
through the ecosystem continuously. 


6 Physical barriers to dispersal and changes in en- 
vironmental temperature are the most important 
factors that limit geographic distributions of spe- 
cies; many more species exist in warm climates 
than in cold climates. 


7 Continental glaciers (ice caps) exist near Earth's 
poles on Greenland and Iceland. 


8 Carbon dioxide in the atmosphere produces a 
greenhouse effect, trapping heat and warming 
Earth. 


9 Tropical rain forests develop near the equator, 
where warm air rises and loses its moisture. The 
dried air descends north and south of the equator 
and circles back toward the equator as trade 
winds. In many areas that lie between 20 and 30° 
from the equator, trade winds produce deserts 
and dry grasslands. 


10 Because land plants are highly sensitive to cli- 
matic conditions, fossil land plants are useful indi- 
cators of ancient climates. 


11 In large oceans, prevailing winds and the Co- 
riolis effect create huge gyres of water movement. 


12 The dominant food producers in the ocean are 
photosynthetic single-celled algae that float in 
shallow waters. 


13 The deep sea is cold because its waters come 
from near the north and south poles, where frigid 
water sinks to great depths and flows toward the 
equator. Many species of animals inhabit the deep 
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work within which to interpret life of the past. 
Although we can learn some aspects of how an 
animal or plant species lived by studying the con- 
figuration of its fossil remains alone, a fuller un- 
derstanding of that species can come only when its 
habitat is taken into consideration. It was once 
widely believed, for example, that the largest di- 
nosaurs were too big to be fully terrestrial and 
therefore must have spent much of their time in 
water, like hippopotamuses. As will be discussed 
more fully in Chapter 13, the fossil record of these 
giant creatures contradicts this idea: Their bones 
are frequently found in sedimentary rocks that 
represent nonaquatic environments. 

The study of ancient sedimentary environ- 
ments is also of considerable practical value in 
that many sedimentary deposits occur in conjunc- 
tion with important natural resources or are 
themselves natural resources. By understanding 
the environmental relationships of sedimentary 
rocks, economic geologists can often predict 
where these resources will be found beneath 
Earth's surface. Coal is a resource whose location 
can be predicted on this basis, as are petroleum 
and natural gas, which tend to accumulate in 
porous rocks such as clean sands deposited along 
ancient shorelines or rivers and in ancient lime- 
stone reefs constructed in shallow seas by corals or 
coral-like organisms. 

Before geologists can interpret the origins of 
ancient sedimentary rocks, however, they must 
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sential nutrients and by providing a base for the 
physical support of roots and underground stems. 
Soils form in a variety of environments throughout 
the world —in tropical rain forests, in arid re- 
gions, and even on mountaintops. Moreover, 
layers of diagenetically altered soil can often be 
found buried within thick sequences of ancient 
sediment. Recognition of these ancient soils is of 
great geologic significance in that they can be 
used to define thc configurations of ancient land- 
scapes. Certain soils also offer important evidence 
about the climatic conditions under which they 
formed. 


How Soils Form 


Soils develop in part by the weathering processes 
described in Appendix I. The upper zone of many 
soils, referred to as topsoil, consists primarily of 
sand and clay mixed with organic matter called 
humus. Humus, which givcs topsoil its dark color, 
is derived from the decay of plants and in turn 
supplies nutrients for other plants; thus it occu- 
pies an important position in the cycling of mate- 
rials through the plants of terrestrial ecosystems. 
Bacteria and fungi produce most of the decay. 
Desert soils are poor in humus because vegetation 
in such environments is sparse. 

The type of soil that forms depends in part on 
elimatic conditions. In warm climates that are dry 
part ofthe year, calcium carbonate accumulates in 
the layer of soil below the topsoil, forming what 
are known as caliche nodules, or calcrete (Figure 
3-1). The accumulation of caliche nodules results 
from thc evaporation of groundwater under hot, 
dry conditions. 

In moist, tropical climates warm waters per- 
colate through the soil, destroying humus by oxi- 
dizing it. Silicate minerals in such areas also break 
down and disappear quickly, leaving the soil rich 
in aluminum oxides as well as in iron oxides, which 
give it a rusty red color. Tropical soils of this type 
are known as laterites. 


Ancient Soils 


Ancient buried soils can be exceedingly difficult 
to recognize or to interpret, partly because dia- 
genesis often alters the chemical components of 
soils beyond recognition. One place where an- 
cient soil is likely to be found, however, is beneath 
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first understand the patterns and processes by 
which sediment is deposited in the modern world. 
Unfortunately, the products of these processes 
are often obscured, and geologists have to exca- 
vate, tunnel, or core before they can observe 
them. Coring is a technique that can be used to 
examine a deposit at the center of a lake, lagoon, 
or deep ocean. A tube is driven into the bottom of 
the body of water and then withdrawn. Thc core 
of sediment thus extracted can be studied to de- 
termine the sequence of sediment deposition at 
the site. Coring at several locations provides a 
three-dimensional picture of sedimentary depos- 
its. Similarly, geologists who wish to examine a 
meandering river's depositional record must ei- 
ther dig one or more pits in the valley floor adja- 
cent to the channel or sample the floor by means of 
coring. (The reason for studying the sediments 
adjacent to a river will become clear in the course 
of this chapter.) 

Some sedimentary features provide highly re- 
liable information about the nature of the en- 
vironments in which they formed. Many other 
sedimentary features, however, offer the geolo- 
gist only ambiguous testimony about the envi- 
ronments in which the sediments were depos- 
ited. Most coal deposits, for example, represent 
swamps choked with vegetation — but such 
swamps are typical of both the banks of rivers and 
the shores of marine lagoons. Geologists must 
therefore consider the naturc of the beds that lie 
above or below coal deposits; if sediments con- 
taining fossils of marine animals lie above or below 
a coal bed, it is likely that a marine lagoon, not a 
river, lay adjacentto the swamp or marsh in which 
the coal formed (Figure 2-25). 

We will begin our exploration of depositional 
environments and their characteristic sediments 
with settings on land. We will then move to fresh- 
water systems, and finally shift our focus to the 
marine realm. 





SOIL ENVIRONMENTS 


Soil can be defined as loose sediment that has ac- 
cumulated in contact with the atmosphere rather 
than under water. Soil rests either on sediment of 
different characteristics or on rock. It serves as a 
medium for the growth of plants by supplying es- 
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LAKES AS DEPOSITIONAL 
ENVIRONMENTS 


At no time in geologic history have lakes occupied 
more than a minute fraction of Earth’s surface — 
but because lakes form in basins that lie at lower 
elevations than most soils, lake deposits are much 
more likely than soils to survive in the face of 
erosion. 

Lake deposits share a number of typical char- 
acteristics by which they can be recognized. For 





FIGURE 3-2 Fossil burrows made by beavers in soils 
more than 20 million years old in Nebraska (A). Unlike 
modern beavers, these animals did not live near water, 
but instead lived in grasslands, where they formed colo- 
nies like those of prairie dogs. The burrows, which the 
beavers excavated with their front teeth (B), extend 
downward as far as 10 meters (~ 33 feet) into the soil. 
(A. Carnegie Museum of Natural History. B. After L. D. 
Martin and D. K. Bennett, Palaeogeography, Palaeoclima- 
tology, Palaeoecology 22:173-—193, 1977.) 
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FIGURE 3-1 Nodules of caliche (calcrete) in soil. The 
white nodules have formed around plant roots, as shown 
in the drawing. (Lawrence Hardie, Johns Hopkins 
University.) 


an unconformity. At such a site, soils will have 
formed while the rocks below the unconformity 
were exposed at Earth's surface — that is to say, 
before these rocks were buried beneath younger 
sediments. 

Plant roots provide clues to the identity of an- 
cient soils. Burrows made by animals such as in- 
sects and rodents are also diagnostic features. 
Certainly the most unusual of these excavations 
are the structures known as “devil's corkscrews, 
which are actually burrows that beavers of an ex- 
tinct species dug with their teeth in the Oligocene 
and Miocene soils of Nebraska (Figure 3-2). Skel- 
etons of these beavers have been found in the 
burrows, and scratches on the burrow walls match 
their front teeth! The fact that these animals lived 
as far as 10 meters (— 33 feet) below ground level 
indicates that the level of standing water in the 
ancient soil stood barely above this depth; had it 
been higher, the beavers would have drowned. 


GLACIAL ENVIRONMENTS 


Even more useful than soils as clues to ancient 
climatic conditions are certain complex suites of 
depositional features that are known to develop 
only in particular climates. The sedimentary fea- 
tures associated with some types of glaciers, for 
example, are excellent indicators of cold climates. 
Glaciers that form in mountain valleys seldom 
leave enduring geologic records because the 
mountains through which they move, and on 
which they leave their mark, stand exposed above 
the surrounding terrain and therefore tend to be 
eroded rapidly on a geologic scale of time. Conti- 
nental glaciers, however, leave legible records 
that survive for hundreds of millions of years. 

Today one continental glacier oceupies most 
of Greenland, and an even larger one occupies 
nearly all of Antarctica (Figure 2-20). Eaeh of 
these glaciers is thickest in the center, tapering 
toward the continental margin. Continental gla- 
ciers leave traces of their activity on the lowland 
areas over which they move, and these traces have 
led to the recognition of widespread intervals of 
continental glaciation not only in late Neogene 
time (i.e., during the past 3 million years or so) but 
also much earlier, during the late Paleozoic, Or- 
dovician, and Precambrian intervals. 

As glaciers move, they erode rock and sedi- 
ment, transporting both in the direction of flow. In 
this process, pieces of rock become embedded in 
the ice at the base of a glacier, where they beeome 
tools of further erosion, commonly leaving deep 
scratches in the bedrock that serve to record the 
direction in which the glacier is moving. When 
such scratches are found in an area that is now free 
of glaciers, it is safe to assume that a glacier passed 
that way in the distant past (Figure 3-4). 

Glaciers leave records not only of erosion but 
also of deposition. The mixture of boulders, peb- 
bles, sand, and mud that is scraped up by a moving 
glacier is deposited partly as the glacier plows 
along and partly when it melts. Some of the 
boulders bear scratches from abrasion during 
their journey at the base of a glacier. This hetero- 
geneous material is called till. At the farthest 
reach of a glacier's advance, till plowed up in front 
of the glacier is left standing in ridges known as 
moraines. A considerable amount of till, however, 
after being transported for some distance, is de- 
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example, sediments around the margins of a lake 
tend to be coarser than those that lie toward the 
lake’s center, partly because the current of a 
stream or a river slows down when it meets the 
waters of a lake, dropping its coarse sediment load 
near the shore as it does so. Furthermore, the 
wind-driven waves on the surface of the typical 
lake touch bottom only when they approach the 
shore, winnowing the sediment there and driving 
clay-sized particles into suspension. These parti- 
cles later settle to the bottom toward the lake’s 
center. 

Fossils are valuable tools for distinguishing 
lake sediments from marine sediments. Although 
fish fossils are found in both kinds of deposits, the 
presence of exclusively marine fossils, such as 
corals, provides strong evidence that ancient sedi- 
ments did not originate in alake. Because burrow- 
ing animals are not as abundant in lakes as they are 
in many marine environments (and because waves 
and currents in lakes are generally weak), the 
fine-grained sediments that accumulate in the 
centers of lakes are likely to remain well layered, 
just as they were when they were laid down (Fig- 
ure! 3-3). 

Another clue in the identification of lake de- 
posits is close assoeiation with other nonmarine 
deposits, such as river sediments. It would be 
highly unusual to find lake deposits directly above 
or below deep-sea deposits, or even above or 
below sediments deposited on the continental 
shelf, unless the two types of deposits are sepa- 
rated by an unconformity. 











FIGURE 3-3 Lake deposits from the Eocene Green 
River Formation of Wyoming. The even laminations are 
typical of sediments that have accumulated in lakes. 
(Photograph by the author.) 
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this bouldery sediment on the eastern side of the Sierra 
Nevada in California during the Pleistocene Epoch. 
(Martin Miller.) 


ment thus represents a single year’s deposition, so 
geologists can count the number of years repre- 
sented by a series of layers. In some areas, thou- 
sands of years of deposition have been tallied in 
this manner. 

When a glacier encroaches on a lake or ocean, 
pieces of it break loose and float away as icebergs, 
some of which are immense (Figure 2-15). As 
chunks of glacial ice melt in a lake or an ocean, 
their sediment sinks to the bottom, creating a 
highly unusual deposit in which pebbles or even 
boulders rest in a matrix of finer sediments (Figure 
3-7). Unlike the tightly packed, coarse material 
that characterizes glacial till, these dropstones 
occur either singly or scattered throughout the 
matrix. Very few natural mechanisms other than 
this so-called ice rafting bring large stones to the 
middle of a lake or to a seafloor far from land. 





FIGURE 3-4 A rocky surface in eastern Canada 
scoured by glaciers. (Peter Kresan.) 


posited beneath the glacier; thus till may be de- 
posited over a broad area even as a glacier contin- 
ues to melt back. In front of a moraine, sediment 
from a melting glacier is often deposited by 
streams of meltwater issuing from the retreating 
mass of ice. Here the sediment tends to be sorted 
by size into layers of gravel, cross-bedded sand, 
and mud, forming well-stratified glacial material 
known as outwash. Figure 3-5 shows till on the 
eastern side of the Sierra Nevada, which was gla- 
ciated during the recent (Pleistocene) Ice Age. 
Lithified till is known as tillite. 

In many instances, the meltwaters that issue 
from a glacier converge to form a lake in front of 
the glacier. The alternating layers of coarse and 
fine sediment that typically accumulate in such 
lakes are called varves (Figure 3-6). Each coarse 
layer forms during the summer months, when 
streams of meltwater carry sand into the lake, 
whereas each fine layer is formed during the 
winter, when the surface of the lake is sealed by 
ice and all that accumulates on the lake bottom are 
clay and organic matter that settle slowly from 
suspension. Each pair of layers of varved sedi- 


10 centimeters 


FIGURE 3-7 Fine-grained sedimentary rock of the 
Proterozoic Gowganda Formation, which is about 2 bil- 
lion years old, in southeastern Canada. An igneous peb- 
ble apparently dropped from floating ice. The layers in 
the sedimentary rock appear to be varves. (D. A. Lind- 
sey, U.S. Geological Survey.) 





subsequent precipitation of evaporite minerals in 
these basins sets arid regions apart from those with 
moist climates. In the latter, permanent streams 
flow great distances without being absorbed into 
the soil or evaporating into the air; thus they are 
frequently capable of reaching the ocean by pass- 
ing into large rivers. As a eonsequence, we speak 
of most humid regions as having exterior drain- 
age, or drainage to areas beyond their borders. 
Runoff from arid regions, in contrast, is too sparse 
and intermittent to form permanent streams and 
rivers, and the result is interior drainage — a situ- 
ation in which streams die out through evapora- 
tion and through seepage of water into the dry 
terrain. 

Lakes in areas with interior drainage also tend 
to be temporary and are known as playa lakes 
(Figure 3-8). Temporary streams bring dissolved 
salts to these lakes along with suspended sedi- 
ment. As the lakes shrink by evaporation, the salts 
precipitate as sediments called evaporites. 
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FIGURE 3-6 Varved clays in Canada. The varves are 
layers of clay and silt deposited in quiet lake waters. 
Varved clays produced during the Pleistocene Epoch 
at Toronto (A) are remarkably similar to Precambrian 
varves in southern Ontario that are nearly 2 billion years 
older (B). (A, P. F. Karrow, Ontario Department of 
Mines. B, F. J. Pettijohn.) 


DESERTS AND ARID BASINS 


Like frigid glacial environments, arid and semi- 
arid basins are characterized by a unique suite of 
sedimentary deposits. Deserts contain little or no 
humic soil, because dry conditions support little 
vegetation, the source of humus. The rain that 
occasionally falls in deserts leads to erosion and to 
deposition of sediment, often carrying the chemi- 
cal products of weathering to desert basins. The 
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FIGURE 3-8 A playa lake in Death 
Valley, California. (Peter Kresan.) 





FIGURE 3-9 Large mudcracks in Death Valley, Cali- 
fornia. (Peter Kresan.) 
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Death Valley: A Modern Example 


Death Valley, seen on page 50 and in Figure 3-8, 
typifies arid basins in several ways. Temporary 
streams carry sediment down valleys incised into 
the naked rocks of nearby highlands to form low 
cone-shaped structures called alluvial fans, which 
spread out onto the floor of Death Valley. These 
structures form where a mountain slope meets the 
valley floor, causing streams to slow down and 
drop much of their sediment. Alluvial fans consist 
of poorly sorted sedimentary particles that range 
from boulders to sand near the source area and 
from sand to mud on the lower, gentler slopes. 
Most alluvial fans include broad deposits of 
coarse, cross-stratified sediments laid down in a 
complex network of channels, or braided streams, 
that carry water and sediment during the infre- 
quent rainy intervals. (Alluvial fans and braided- 
stream deposits form in moist climates, too, as we 
shall see.) The braided streams of these channels 
lead to the center of the basin, where their occa- 
sional flow of water forms temporary lakes. As the 
lake waters dry up, evaporite minerals accumu- 
late. The same minerals also accumulate on those 
parts of the basin floor where groundwater seeps 
to the surface and evaporates. The evaporites of 
Death Valley are composed primarily of halite, 
gypsum, and anhydrite. Alternate wetting and 
drying in this basin produce large polygonal mud 
cracks in many areas (Figure 3-9). Around the 
margins of these "salt pans," calcium carbonate 


deposits form caliche. 
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that direction. B. This cross section of a dune shows the 


cross-bedding that results from shifts in the wind. As the 
wind direction changes, the shape of the dune is altered 
by removal of sand, and a new leeward slope forms. 

C. Cross-stratified dune deposits of the Jurassic Navajo 
Sandstone in Arizona. (C. Tom Bean.) 


tion through a dune and a real section through an 
enormous lithified dune that is more than 200 
million years old. 


RIVER SYSTEMS AS 
DEPOSITIONAL ENVIRONMENTS 


In areas that receive more rainfall than those we 
have been considering, the precipitation is more 
likely to create the features of exterior drain- 
age—small streams that meet to form larger 
streams, which in turn flow into still larger rivers. 
Ultimately the waters of most large rivers reach 
the sea. Figure 3-11 summarizes the sequence of 
aquatic environments through which water typi- 
cally passes as it moves from the headwaters of 
river systems in hills or mountains to the deep sea, 
transporting and depositing sediment in the pro- 
cess. Each of these depositional environments is 
represented by many different sedimentary units 
in the geologic record. In the remainder of this 
chapter we will investigate the diagnostic features 


FIGURE 3-10 The internal structure of a sand dune. 
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A. The windstream becomes compressed above a dune 
and consequently increases in velocity. The dune ceases 
to grow taller when its height becomes so great that it 
causes the windstream to move rapidly enough to trans- 
port sand. As sand passing over the dune accumulates on 
the steep lecward slope, the dune begins to "erawl" in 


Sand Dunes 


Sand dunes are hills of sand that have been piled 
up by the wind (p. 50). In some desert areas, in- 
cluding Death Valley, dunes occupy less than 1 
percent ofthe total area; but in areas where dunes 
are well developed, they form magnificent land- 
scapes. Dunes are familiar sights not only in desert 
terrains but also landward of the sandy beaches 
that border oceans and large lakes. Where the 
wind blows across loose sand, a dune can begin to 
form over any obstacle that creates a wind shadow 
in which sand can accumulate. Figure 3-10A 
shows how a dune tends to "crawl" downwind as 
sand from the upwind side moves over the top of 
the dune and accumulates on the downwind side. 
As the prevailing wind direction shifts back and 
forth, the direction in which the dune migrates 
shifts as well. This shift in direction usually leads 
to the truncation of preexisting deposits, which 
often causes a new set of beds to accumulate on a 
curved surface cut through older sets. Thus dunes 
are characterized by trough cross-stratification. 
Figure 3-10B and C show an idealized cross sec- 
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ever, water often spreads these coarse sediments 
farther from their source, producing fans that 
slope more gently than those of dry basins. 


Braided-Stream Deposits 


Runoff water moves rapidly over the relatively 
steep, unvegetated terrain that is commonly 
found on the lower reaches of an alluvial fan and in 
the region just beyond it. As a result, this water 
transports large volumes of coarse sediment. In 
such an environment, a river does not flow as a 
simple winding waterway like the Mississippi or 
the Thames. Instead, it follows a complex network 
of interconnected channels, which give it the 
name braided stream (Figure 3-12). The areas be- 
tween the channels are elevated “bars” of coarse 
sediment. 


Meandering Rivers 


Many rivers occupy solitary channels that wind 
back and forth like ribbons (Figure 3-13). Unlike 
braided streams, these meandering rivers are not 
choked with sediment —that is, sediment is sup- 
plied to them slowly relative to the rate at which 
the water flows. Rivers usually meander most 





FIGURE 3-12 A braided stream in Alaska. The water 
and sediment emerge from the base of a melting glacier 
that is out of view. (Tom Bean.) 
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FIGURE 3-11 An idealized representation of the 
downhill course of sediment transported from moun- 
tains to the sea. Along the way, sediment is trapped 
in many different depositional environments. (After 

F Press and R. Siever, Earth, W. H. Freeman and Com- 
pany, New York, 1986.) 


of ancient deposits formed in each of these 
environments — features that enable us to recog- 
nize each type of deposit as far back in the geo- 
logic record as a few hundred million or even 2 or 
3 billion years. 


Alluvial Fans in Moist Climates 


Sediment in the form of alluvial fans accumulates 
at the feet of mountains and steep hills in both 
moist and arid regions. In moist climates, how- 


channel, and thus they tend to drop the coarser 
portion of their suspended sediment before they 
spread far from the channel. Sand is therefore 
dropped first, followed by silt, and together they 
form a gentle ridge called a natural levee, which 
borders the channel. Because natural levees and 
backswamps are inundated only periodically, they 
tend to dry out and crack. Many such mud craeks 
have been preserved in the stratigraphic record. 
Levees and backswamps also become populated 
by moisture-loving plants, which may leave traces 
of their roots in the rock reeord. If after death 
these plants accumulate in large quantities, they 
may even form deposits that eventually turn into 
coal. 

The vertieal sequence in which sediments are 
deposited in a meandering river is seen in Figure 
3-14 — from eoarse channel deposits at the base 
to cross-bedded point-bar sands in the middle to 
muddy backswamp deposits at the top. Levee sed- 
iments sometimes lie between the point-bar and 
backswamp deposits. In summary, the sequence 
passes from coarse-grained sediments at the bot- 
tom to fine-grained sediments at the top. This 
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FIGURE 3-14 Deposition of sediment by a meander- 
ing river. At each bend the river migrates outward. The 
current flows most rapidly on the outside of a bend 
(long arrow), so the water cuts into the outer bank. On 
the inner side of the bend, where the current moves 
slowly, sand accumulates to form a point bar. As the 
channel migrates outward, the point-bar sands advance 
over the coarser, cross-bedded sands deposited within 
the original channel. Pebbles often accumulate at the 
base of the channel. Muddy backswamp deposits, which 
form when the river floods its banks, migrate in their 
turn over the point-bar sands. As a result of this shifting 
of environments, coarse sediments at the base grade up- 
ward into fine sediments at the top. 
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FIGURE 3-13 A meandering river. Sand forms point 
bars on the insides of the meanders. (Peter Kresan.) 


actively in regions far from uplands and in gently 
sloping terrain. If there is any irregularity in this 
terrain, theriver's path will curve, and centrifugal 
force will then cause the water to flow most rap- 
idly near the outside of the bend and least rapidly 
near the inside. The river will then tend to cut into 
the outer bank of the bend, where the current is 
swift. On the inside of the bend, the current is so 
weak that sediment is deposited rather than 
eroded, and it accumulates there to form what is 
known as a point bar. 

The sediment that forms point bars usually 
consists of sand. Most of this sand is cross-bedded, 
because large ripples along the riverbed where it 
accumulates migrate in the course of time. In 
deeper water, where the current is stronger, the 
sediment in the river channel is coarser (Figure 
3-14). Gravel is often found along with coarse 
sand in the deepest part of the channel, and this 
gravel moves only when the river is flowing 
strongly. 

Because mud tends to move downstream, very 
little of it accumulates within a meandering-river 
channel. When the river overflows its banks, how- 
ever, it carries fine sediment laterally to the low- 
lands adjacent to the river channel. In these areas, 
known as backswamps, the spreading floodwaters 
flow slowly, allowing mud to accumulate before 
they recede. In keeping with the normal pattern 
of sediment deposition, these floodwaters become 
progressively slower as they flow away from the 
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shows meandering-river cycles of the Catskill 
Formation in Pennsylvania. 

Two final points deserve mention. First, not 
every river can be assigned to the braided or me- 
andering category. Some rivers have segments or 
branches that are braided and others that are me- 
andering. Second, no river deposits its entire load 
of sediment in the river valley. A river ultimately 
discharges its water and remaining sediment into a 
lake or the sea (Figure 3-11). 


DELTAS 


When ariver empties into either a lake or the sea, 
its current dissipates, and it often drops its load of 
sediment in a fanlike pattern. The depositional 
body of sand, silt, and clay that is formed in this 
way is called a delta because of its resemblance to 
the Greek letter A. Most of the large deltas that 
have been well preserved in the geologic record 
formed in areas where sizable rivers emptied into 
ancient seas. 

We have already seen that as moving water 
slows down, it drops first sand, then silt, and then 
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(F. J. Pettijohn and P. E. Potter, Atlas and Glossary of 
Primary Sedimentary Structures, Springer Publishing 
Company, Inc., New York, 1964.) 


coarse-to-fine sequence forms because as the 
channel migrates laterally, the point bar builds out 
over deeper gravels and the backswamp shifts 
over older point-bar deposits. As the channel mi- 
grates across a broad area, this sequence of depos- 
its forms a broad composite depositional unit. The 
meandering-river sequence shown in Figure 3-14 
illustrates Walther’s law, which states that when 
depositional environments migrate laterally, sedi- 
ments of one environment come to lie on top of 
sediments of an adjacent environment. 

In a broad basin that happens to be subsiding, 
a river may migrate back and forth over a large 
area many times, piling one coarse-to-fine com- 
posite depositional unit on top of another as it 
goes. Each of these composite units, or sedimen- 
tary cycles, lies unconformably on the one be- 
neath it, because the channel in which the basal 
deposits accumulate removes the uppermost sedi- 
ments of the preceding cycle as it migrates. Some- 
times, however, a channel cuts deep into the sedi- 
ments of the preceding cycle, removing not only 
the uppermost deposits but some lower ones as 
well. Thus many of the cycles that have been pre- 
served in the geologic record of a migrating chan- 
nel are really only partial cycles. Figure 3-15 
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FIGURE 3-15 Cyclical meandering-river deposits of 
the Catskill Formation at Peters Mountain, Pennsylva- 
nia. Each cycle contains deposits that grade upward 
from coarse sandstone (C) to fine mudstone (F). 






that often leave fossil records, but these muds 
usually contain fragments of waterlogged wood as 
well. In fact, the presence of abundant fossil wood 
in ancient marine muds testifies to the presenee of 
both land and a river system near the site. In short, 
most ancient subtidal muds that harbor abundant 
fossil wood debris represent deltaic deposits. 
Spreading seaward at a low angle from the 
lowermost delta-front deposits are the prodelta 
(or bottom-set) beds, which consist of clay. Even 
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FIGURE 3-17 Structure of the “bird-foot” lobe of the 
modern Mississippi delta. At this lobe (identified by the 
arrow on the map) sediments are being deposited in the 
shallow water where the river meets the sea. Here, as 
shown in the block diagram below, the river channel di- 
vides into many distributary channels. Swamp deposits 
accumulate between the distributaries. Bodies of sand 
accumulate in front of the distributaries where the river 
water meets the ocean and slows down. As the bird-foot 
delta builds seaward, the distributaries extend over 
these sand bodies. (Modified from H. N. Fisk et al., 

Jour. Sedim. Petrol. 24:76-99, 1954. ) 
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clay. Asriver water mixes with standing water and 
begins to slow down, it, too, loses sand first. Silt, 
which is finer, spreads farther from the mouth of 
the river, and clay is carried even farther. The 
typical result is a delta structure that includes 
delta plain, delta front, and prodelta deposits 
(Figure 3-16). 

Delta-plain beds, which consist largely of sand 
and silt, are nearly horizontal except where they 
are locally cross-bedded. Some delta-plain depos- 
its accumulate within channels. As a river slows 
down on the surface ofthe delta, sand builds up on 
the bottom, causing the river channel to branch 
repeatedly into smaller channels that radiate out 
from the mainland. These distributary channels 
are floored by cross-bedded sands. Sand also spills 
out from the mouths of the channels, forming 
shoals and sheetlike sand bodies along the delta 
front. Between the distributaries and separated 
from them by levees are swamps, which are some- 
times dotted by lakes. Here, as in the overbank 
areas of meandering rivers, muds accumulate and 
marsh plants often grow, contributing to future 
coal deposits. 

Delta-front (or foreset) beds slope seaward 
from the delta plain, usually lying in waters that 
are deeper than those agitated by wind-driven 
surface waves. These beds consist largely of silt 
and clay, which can settle under these quiet con- 
ditions. Because they lie fully within the marine 
system, delta-front muds harbor marine faunas 
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FIGURE 3-16 Cross section of a delta. As river water 
flows into the sea, it slows down. First sand drops from 
suspension in the delta plain; then silt and clay settle on 
the delta front (the slope is greatly exaggerated in the 
diagram); and finally clay settles in the prodelta. As the 
delta grows seaward, the sandy shallow-water sediments 
build out over the finer-grained sediments deposited in 
deeper water. 
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the sea, this type of delta is sometimes called a 
river-dominated delta. 

That portion of the Mississippi delta which has 
grown at any given time has been much smaller 
than the delta as a whole. This growing portion, or 
active lobe, is the site of the functioning distribu- 
tary channels (Figure 3-17). Many previously ac- 
tive lobes can be identified in the delta-plain por- 
tion of the Mississippi delta, and these lobes, 
which have been dated by the carbon 14 method 
(described in Chapter 4), provide a history of del- 
taic development during the past few thousand 
years (Figure 3-18). Depositional activity (or lobe 
growth) periodically shifted in this delta when 
floods caused the river to cut anew channel and to 
abandon the previously active channel and its dis- 
tributaries. 

The fate of an abandoned delta lobe is, in fact, 
the key to understanding the stratigraphic se- 
quence produced by a river-dominated delta. In 
short, an abandoned lobe gradually sinks, for two 
reasons: First, the sediments of which it is formed 
compact under their own weight; and second, the 
lobe is part of the entire delta structure, which is 
constantly sinking as a result of the isostatic 
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some are already partially or entirely submerged be- 
neath the sea. (After T. Elliott, in H. G. Reading [ed.], 
Sedimentary Environments and Facies, Blackwell Scien- 
tific Publications, Ltd., Oxford, 1978.) 
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during floods, the fresh water that spreads from 
distributary channels slows down so abruptly that 
it loses its silt on the delta front. It is partly because 
fresh water is less dense than saline marine water 
that clay is carried far from the mouths of distribu- 
tary channels. Because the fresh water floats on 
top of the more dense marine water, it does not 
mix in quickly; instead, it spreads seaward for 
some distance, carrying much of its clay. 

As a delta progrades, or grows seaward, rela- 
tively coarse deposits on the delta plain build out 
over finer-grained foreset beds in accordance 
with Walther's law (Figure 3-14), and these delta- 
front beds build out over still finer-grained 
bottom-set beds. The result is a sequence of de- 
posits that coarsens toward thetop. As we will now 
see, the stratigraphic expression of this upward- 
coarsening sequence varies in accordance with 
the nature of the delta. 

The famous Mississippi River delta has built 
out into the Gulf of Mexico in an area that is pro- 
tected from strong wave action. As a result, this 
delta projects far out into the sea. Because con- 
struction of the delta from river-borne sediment 
prevailed decisively over the destructive forces of 
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FIGURE 3-18 Lobes of the Mississippi delta. The ac- 
tive bird-foot lobe is numbered 16. Older lobes that are 
now inactive are numbered 1 through 15, with number 
1 being the oldest. The older lobes are now settling, and 


Some deltaic cycles in the rock record lack 
tops beeause sediment was eroded away before 
another cycle was superimposed (Figure 3-19). 
Because the building of a river-dominated delta is 
limited to the active lobe at any given time, beds 
representing a delta can seldom be traced very far 
laterally in the roek record. 

Changes in the rate at which a delta sinks or 
therate at which its river supplies it with sediment 
can alter the size of the active lobe. Today such 
changes are causing the Mississippi's bird-foot 
delta to shrink rapidly, with alarming conse- 
quences (Box 3-1). 


THE BARRIER ISLAND - LAGOON 
COMPLEX 


Beeause deltas form exclusively at river mouths, 
they occupy only a small percentage of the total 
shoreline of the world's oceans. Much longer 
stretches of shoreline are fringed by barrier is- 
lands, composed largely of clean sand that has 
been piled up by waves. Although some barrier 
islands extend lateral from wave-dominated 
deltas, most such islands derive their sand not 
from neighboring rivers but from the marine 
realm. They are built up as waves and shallow 
longshore currents winnow sediments and sweep 
sand parallel to the shoreline. In the beaeh zone 
that is washed by breaking waves, deposits tend to 
have nearly horizontal bedding but often dip 
gently seaward. Cross-bedding develops in areas 
where the beaeh surface is gently irregular and 
changes from time to time. Wind-blown sand 
often aecumulates behind the beach as sand 
dunes, but in time these dunes are often eroded 
away. 

Shallow lagoons lie behind long barrier islands 
such as those that border the Texas coast of the 
Gulf of Mexico (Figure 3-20). Because they are 
protected from strong waves, these lagoons trap 
fine-grained sediment and are usually floored by 
muds and muddy sands. Rivers that empty into 
lagoons often build small deltas. 

Other depositional environments are also 
found along the shores of lagoons. Among them 
are tidal flats formed of sand or muddy sand whose 
surfaces are alternately exposed and flooded as 
the tide ebbs and flows. High in the intertidal 
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response of the underlying crust to the weight of 
the continually growing mass of sediment. After 
an abandoned lobe settles, a younger lobe will 
eventually grow on top of it. Each lobe will then 
consist of the typical upward-coarsening se- 
quence. The result is an aecumulation of cycles 
that differ markedly from those of meandering 
rivers, which, it will be recalled, become finer- 
grained toward the top. 


(Top of cycle missing) 
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FIGURE 3-19 An idealized stratigraphic section repre- 
senting five deltaic cycles. Cycle 3 is a complete cycle; 
within it bottom-set clays pass upward to top-set sands. 
Each cycle represents an accumulation of sediments 
resulting from the seaward growth of a deltaic lobe. 
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delta, however, this progradation takes place 
along a broad belt of shoreline (Figure 3-21). As 
the shoreline of a sea migrates landward, marsh 
and tidal-flat deposits prograde over sediments of 
the lagoon and associated tidal channels. These 
sediments in turn build out over deposits of the 
barrier beaches and over the tidal deltas and 
marshes behind them. Thus the horizontal se- 
quence of environments (barrier beach, marsh or 
tidal delta, lagoon, tidal flat, and marsh) come to 
be represented by a corresponding vertical se- 
quence of sedimentary deposits, in accordance 
with Walther’s law. 

The barrier island—lagoon system illustrates 
particularly well how the close vertical association 
of sediments that represent adjacent depositional 
environments can be used to identify ancient dep- 
ositional systems. We have seen that vertical asso- 
ciations of rock types are also very useful in the 
identification of ancient meandering-river depos- 
its (Figure 3-15) and deltas (Figure 3-19). 


ORGANIC REEFS 


In tropical shallow marine settings, if siliciclastic 
sediments are in short supply, carbonate sedi- 
mentation usually prevails. Here coral reefs are 


Tidal delta 


Tidal flat 





Marsh coal Sea level 


PROGRADATION 


FIGURE 3-21 The stratigraphic sequence produced 
when a barrier island—lagoon complex progrades. 
Sediments of the lagoon and of the adjacent marshes 
and tidal flats are superimposed on beach sands of the 
barrier island. 
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Tides along the Texas coast are weak, and there are few 
tidal channels or passes, so large permanent lagoons lie 
behind the Texas barrier islands. 


zone, above barren tidal flats, marshes fringe one 
or both margins of many lagoons (Figure 2-25). 
Here plant debris accumulates rapidly and de- 
composes to form peat, which can become coal 
after a long period of burial. 

Fresh water from rivers and streams tends to 
remain trapped in coastal lagoons for some time. 
Thus the waters of lagoons in moist climates are 
often brackish. The salinity of these waters at any 
given time depends on the rate of freshwater run- 
off from the land, which varies in the course of the 
year. Laguna Madre of Texas is typical of lagoons 
found in more arid climates, where temperatures 
are high (Figure 3-20). Because they receive little 
fresh water from rivers and suffer a high rate of 
evaporation, the ponded waters of this long la- 
goon are hypersaline (p. 48). Whether lagoons are 
braekish or hypersaline, however, their abnormal 
and fluctuating salinity excludes many forms of 
life that require normal marine salinity. As a re- 
sult, the fossil faunas in the ancient sediments of 
lagoons are not very diverse. Those species that 
are found in lagoons, however, often occur in 
large numbers. Usually some of them are bur- 
rowers that disturb the muddy sediments of the 
lagoonal floor, leaving these sediments either 
mottled or homogeneous and largely devoid of 
bedding structures. 

When a barrier island - lagoon complex re- 
ceives sediment at a sufficiently high rate, it 
progrades— that is, it migrates seaward — like 
the active lobe of a delta. Unlike the migration ofa 


Box 3-1 
The Shrinking Mississippi Delta 


recent years the rate has been nearly five times 
greater. Again, human activities appear to have 
caused the change. So much water has been 
pumped out of the ground around the margin of the 
Gulf of Mexico in recent decades that the soft sedi- 
ments of the region have become compacted, and 
the surface of the land has been sinking much more 
rapidly than it did in earlier decades. As it sinks, 
the waters of the Gulf encroach farther and farther 
over the delta, drowning valuable wetlands. 
Perhaps the best way to reduce the rate at 
which wetlands are disappearing in Louisiana 
would be to restrict the outflow of the river into 
the Gulf to a small number of distributaries, 
which would then deposit a large percentage of 
the sediment that the river carries. At least in these 
areas, the buildup of sediments might compensate 
for the sinking of the land. Wetlands would continue | 
to shrink in other areas, but here, at least, they 
might be sustained. Unfortunately, even this strat- 
egy would not entirely solve the problem. The wet- 
lands of Louisiana, which sustain such rich faunas 
of waterfowl and edible aquatic life, will continue to - 
shrink for years. to come. | 


A region of the Mississippi delta is being flooded as it 
subsides. The white objects are floats used to position a 
pipe that will carry petroleum from an offshore well. 
(Donald Davis, Louisiana Geological Survey.) 


The coastal wetlands of Loui SE provide nearly‏ ؛ 
percent of the United States’ annual seafood‏ 30 . 
harvest. Every winter these wetlands support the‏ 


. nation's largest population of waterfowl. Although 


. vitally important to the entire nation, the wetlands 

. are now disappearing at an alarming pace. Land 

. along the Louisiana coast, which is mostly wet- 

. lands, is shrinking at a rate of about 100 square 

d kilometers (~40 square miles) a year. — 

1 The Mississippi delta dominates the Louisi- 

. ana coastline (pp. 62-64). In the past, sediment 

. carried by the Mississippi River accumulated rap- 

` idly and built the delta out into the Gulf of Mexico. 
. Today the river is no longer able to expand or even 

. maintain its delta. Now the marine waters of the 

.. Gulf are drowning the delta, reducing the area 

. available to plants and animals adapted to fresh and 
| brackish water in marshes. This change has come 

. about for two reasons. First, the Mississippi has 

. been bringing less sediment to the delta every year. 
J Second, the delta has been subsiding more rapidly 

. than it once did. 

2 The average volume of suspended sediment in 

. the lower Mississippi was only half as large-in 

.. 1980 as it was in 1950. Dams built on upstream 

.. tributaries of the river are largely responsible for 

. this change. The dams have been beneficial in some 


K ways: They have reduced flooding during times of 


high runoff fróm the land, and they have produced 
.— lakes for human recreation. On the other hand, the 
.. dams have trapped sediment that would otherwise 


— have traveled all the way to the Mississippi delta. At 


. the same time, artificial levees built along the lower 
. Mississippi to reduce local flooding have kept 

. floodwaters from carrying sediment to some areas 
_ that otherwise would be floodplains. 

An increase in the rate at which the massive 
delta has subsided has done even more than dams 
. and artificial levees to prevent the buildup of sedi- 
. ments from keeping the delta above water. In fact, 
. the shoreline of the Gulf of Mexico, from Florida to 
Texas, began to sink very rapidly just before the 
middle of the twentieth century. The positions of 
ancient shorelines indicate that during the past 
thousand years the average rate of sinking has been 

millimeters (~-k inch) a year. In 
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formed by organisms other than corals. Because 
they are produced largely by organisms that se- 
crete calcium carbonate, organic reefs form their 
own distinct depositional records — as bodies of 
limestone. 

A modern reef has several structural compo- 
nents that form a complex limestone deposit. The 
basic framework of a reef consists of the cal- 
careous skeletons of organisms, primarily corals. 
This framework is strengthened by cementing or- 
ganisms that encrust the surface of the reef. Car- 
bonate sediment, which is composed of fragments 
of the skeletons of reef-dwelling organisms, is 
trapped within the porous framework, filling 
some voids. With their complex internal struc- 
ture, reef limestones are typically either unbed- 
ded or only poorly bedded (Figure 3-22). Even 
with the presence of infilling debris, reef lime- 
stone is so porous that many ancient buried reefs 
serve as traps for petroleum, which migrates into 
them from sediments rich in organic matter. 

Because living reefs stand above the neigh- 
boring seafloor, they alter patterns of sedimenta- 
tion nearby. On the leeward side of an elongate 
reef there is often a relatively calm lagoon, espe- 
cially if the reef has a typical reef flat, or horizon- 
tal upper surface, that stands very close to sea 
level (Figure 3-23). Below the living surface ofthe 


Sediment accumulates in the back-reef area and in the 
lagoon, and here and there patch (or pinnacle) reefs rise 
up from the lagoon floor. 








FIGURE 3-22 Polished slab of porous reef rock from 
the Triassic of Italy. The light-colored band in the 
upper left is a longitudinal section of a tubular sponge 
skeleton. Other visible particles are skeletal material of 
calcareous algae that also contributed to the reef frame- 
work. The dark areas are cavities. This portion of the 
slab is about 10 centimeters (~ 4 inches) across. 
(Lyndon Yose.) 





often prominent. Modern coral reefs are rigid 
structures that rise above the seafloor in shallow 
waters of high clarity and of normal marine salin- 
ity (p. 46). As we shall see in later chapters, how- 
ever, large reefs of the geologic past have been 
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FIGURE 3-23 Diagram of a typical barrier reef. The 
reef grows up to sea level; thus the reef flat is exposed 
at low tide. Waves break across the reef flat, losing en- 
ergy in the process and leaving a quiet lagoon behind. 
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slope away from the reef core. The back-reef facies is 
also crudely bedded, but the beds are approximately 
horizontal. (From P. E. Playford, Geological Survey of 
Western Australia.) 


section ofa Devonian reef in Australia. Although it 
was built by organisms that have been extinct for 
hundreds of millions of years, this reef elosely 
resembles many modern reefs in its basic struc- 
ture —it displays both a seaward talus slope and 
a leeward reef flat. 

Isolated patch reefs, or pinnacle reefs, are 
often found in lagoons behind elongate reefs (Fig- 
ure 3-23). Elongate reefs that face the open sea 
and have lagoons behind them are known as 
barrier reefs (Figure 3-25). Reefs that grow right 
along the coastline without a lagoon behind them 


FIGURE 3-25 A barrier reef. The 
open sea is on the right, the lagoon, on 
the left. (Ralph and Daphne Keller/ 
NHPA.) 
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FIGURE 3-24 Outcrop along Windjana Gorge, north- 
western Australia, revealing the internal structure of a 
Devonian reef. The reef core consists of unbedded 
limestone. The talus is erudely bedded, and the beds 


reef is a limestone core consisting of dead skeletal 
framework, dead skeletons of cementing orga- 
nisms, and trapped sediment. A pile of rubble 
ealled talus, which has fallen from the steep, wave- 
ridden reef front, often extends seaward from the 
living surfaee. 

Reefs build upward rapidly enough to remain 
near sea level even when the seafloor around them 
is beeoming deeper. Many reefs, in fact, grow so 
rapidly and are so durable that they build seaward 
in the manner ofa prograding delta (Figure 3-16). 
Figure 3-24 shows a spectaeularly exposed cross 
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FIGURE 3-27 The development of a typical coral atoll 
in the Pacific as proposed by Charles Darwin. (After 

F. Press and R. Siever, Earth, W. H. Freeman and Com- 
pany, New York, 1982.) 


ations— and because porous reef rocks often 
serve as traps for petroleum, drilling in the vicin- 
ity of these atolls is often a profitable venture. 
Figure 3-28 shows the outline of a subsurface atoll 
of late Paleozoic age that has yielded considerable 
quantities of petroleum in the state of Texas. 


CARBONATE PLATFORMS 


A carbonate platform is a structure that is formed 
by the accretion of carbonate sediment and that 
stands above the neighboring seafloor on at least 
one of its sides. Like organic reefs, carbonate plat- 
forms consist largely of calcium carbonate that 
originated in shallow tropical waters at or near the 
site where they accumulated. In fact, organic 
reefs often grow along the windward margins of 
carbonate platforms and form parts of them. 





9 | m | pam a tR d 
FIGURE 3-26 Coral-reef atolls of the Tuamotu Archi- 
pelago, near Tahiti in the South Pacific. The widest 


segments of the circular atolls face the prevailing winds 
from the upper left. (NASA.) 


are known as fringing reefs. Some fringing reefs 
grow seaward and eventually become barrier 
reefs. 

Perhaps the most curious reefs in the modern 
world are the circular or horseshoe-shaped struc- 
tures known as atolls (Figure 3-26). Atolls fre- 
quently form on volcanic islands and thus are quite 
common in the tropical Pacific, which is dotted by 
many such islands. Charles Darwin offered an ex- 
planation for the origin of the Pacific atolls that is 
still accepted today (Figure 3-27). According to 
Darwin, each atoll was formed when a cone- 
shaped volcanic island was colonized by a fringing 
reef. The island eventually sank beneath the sea, 
leaving a circular reef standing alone with alagoon 
in the center, where limestone now accumulates 
in quiet water. Often the reef does not quite forma 
full circle but is instead broken by a channel on the 
leeward side, where reef-building organisms do 
not thrive. Horseshoe-shaped atolls range up to 
about 65 kilometers (~ 40 miles) in diameter; dur- 
ing World War II their lagoons served as natural 
harbors for ships. 

Ancient atolls that lie buried beneath youn- 
ger sediments can be identified by the study of 
cores of sediment brought up from drilling oper- 


modern world do offer several examples, how- 
ever. In the western Atlantic a large earbonate 
platform extends seaward from the Yucatan Pen- 
insula of Mexieo. Smaller platforms border the is- 
lands of the Antilles, and the platforms known as 
the Little Bahama Bank and Great Bahama Bank 
lie to the east and southeast of Florida (Figure 
3-29). 

The varied sediments that are now accumulat- 
ing on the Bahama banks resemble those of many 
aneient carbonate platforms. Here, as on carbon- 
ate platforms generally, sediments aecumulate 
rapidly. Since mid-Jurassic time, about 170 mil- 
lion years ago, some 10 kilometers (— 6 miles) of 
shallow-water carbonates have aceumulated both 
on the Bahama banks and in southern Florida, 
which was part of the same carbonate platform 
during Cretaceous and earlier times. The heavy 
buildup of carbonate sediments in this region has 
caused the oceanie erust to bend downward, and 
shallow-water Jurassic deposits now lie up to 10 
kilometers below sea level. During the Cenozoic 
Era, when carbonate sediments ceased to be de- 
posited in some areas, deep channels developed. 
The channels, known as the Straits of Florida, 
Tongue of the Ocean, and Exuma Sound, now sep- 
arate the Florida peninsula, the Little Bahama 
Bank, and the Great Bahama Bank. 

Bordering tidal channels in some areas of the 
Bahama banks are knobby intertidal structures 
known as stromatolites, which are produced by 
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FIGURE 3-29 The Bahama banks, 


E ۱ Y. | which are now separated from Florida 
" - | by the Florida Straits. (After N. D. 
Ax | Newell and J. K. Rigby, Soc. Econ. 
—— — | Paleont. and Mineral. Spec. Paper 


—] No.5, 1957.) 


۹1 ENS "i. . " 0 v ; 
e 7 1 
-— af f i 4 
تو‎ Little Bahama = Cu md 
“ Grand Baha ; ae aa i 


patak TN LT m adi | 


70 PART | 


The Environmental Setting 





FIGURE 3-28 A late Paleozoic horseshoe-shaped atoll 
that lies almost a kilometer (~ 0.7 mile) below the 
surface of the land in Texas. The atoll was discovered 
when rocks of the region were drilled for petroleum. It 
would appear that the reef faced prevailing winds from 
the south. (After P. T. Stafford, U.S. Geol. Surv. Prof. 
Paper No. 315-A, 1959.) 


In times past, carbonate platforms have 
stretched along most or all of the eastern margin of 
the United States; but because climates are cooler 
today than they have been during most of Earth’s 
history, these structures are not well represented 
in the modern world. The tropieal areas of the 
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FIGURE 3-31 Living stromatolites. Subtidal forms 
growing today in current-swept channels between the 
Exuma islands on the eastern Great Bahama Bank. 
The largest ones are about 2 meters (— 6 feet) tall. 

(E. A. Shinn, U.S. Geological Survey.) 


Shark Bay, Western Australia, where the waters 
are hypersaline and animals are very rare..As we 
will see in later chapters, many very ancient stro- 
matolites may have formed beneath the sea before 
the origin of marine animals that feed on cyano- 
bacteria. 

The backslopes of tidal channel levees in some 
areas of the Bahama banks dry out after occasional 
flooding by storm-driven seas. As a result, the sur- 
face of the sediment here, which is also bound by a 
cyanophyte mat, is broken by mud cracks resem- 
bling those that often form when a mud puddle on 
the land dries up. Mud cracks associated with an- 
cient marine deposits usually represent intertidal 
or supratidal environments that were alternately 
wetted by the sea and dried by the sun (Figure 
3-32). 





Mat of cyanobacteria 
traps fine-grained 
carbonate sediment 


Threadlike 
cyanobacteria 
grow upward 

through sediment 
as carbonate mud 
and sand are trapped 





After many layers 





FIGURE 3-30 The growth of stromatolites. A mat of 
cyanobacteria traps mud, and the cyanobacteria grow 
through it to form another layer. The accumulation of 
several layers leads to the formation of a stromatolite. 


threadlike organisms. As Figure 3-30 indicates, 
these organisms form sticky mats by trapping car- 
bonate mud. They then grow through the mat thus 
formed to produce another mat. Repetition of this 
process on an irregular surface forms a cluster of 
stromatolites. The threadlike organisms that form 
stromatolites are cyanobacteria (formerly known 
as blue-green algae), which, as we will see in later 
chapters, are among the most primitive groups of 
organisms in the world. The fossil record of stro- 
matolites is unusually ancient, extending back 
through more than 3 billion years of geologic 
time. 

There is a simple reason that stromatolites are 
found almost exclusively in supratidal and high 
intertidal settings. Because these environments 
are exposed above sea level much ofthe time, they 
become hot and dry, and relatively few marine 
animals can survive in them. Thus there is little to 
interfere with the tendency ofthe mats created by 
cyanobacteria to form layered structures. Such 
mats grow underwater here and there, but they 
are eaten by the many grazing marine animals and 
damaged by burrowers, so they seldom accumu- 
late to form stromatolites or well-layered lime- 
stones. Exceptions to this rule are large column- 
shaped stromatolites that grow in subtidal 
channels in the Bahamas where tidal currents are 
very strong (Figure 3-31). Since few animals can 
survive in these current-swept areas, stromato- 
lites flourish there. Stromatolites also flourish in 


FIGURE 3-33 Ordovician turbidite beds in New York 
State. A. A turbidite bed that grades from coarse at the 
bottom to fine at the top; the upper surface is irregular 
because it was disturbed by the succeeding turbid flow 
and distorted by subsequent compaction. B. The bottom 
surface of a turbidite bed, showing ‘“‘sole marks" pro- 
duced when the sediment forming the bed filled depres- 
sions that the turbid flow depositing it scoured in the 


preexisting sediment surface; the current flowed toward 
the upper left. (Earle F. McBride.) 


the laboratory that turbidity currents can attain 
great speed, especially when they are heavily 
laden with sediment and are moving down steep 
slopes. Sediment suspended in a turbidity current 
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FIGURE 3-32 Mud cracks in a dolomitic carbonate 
rock from the Carboniferous System of Ireland. 
(I. M. West.) 


SUBMARINE SLOPES AND 
TURBIDITES 


One of the greatest advances in the study of sedi- 
mentary rocks took place in the middle of the 
twentieth century with the recognition that cer- 
tain sedimentary rocks have been produced by 
turbidity currents. A turbidity current is a flow of 
dense, sediment-charged water moving down a 
slope under the influence of gravity. 

Turbidity currents were first noticed in clear 
lakes, where flows were observed to form from 
muddy river water that hugged the lake floor. 
These currents flowed for a considerable distance 
toward the center of the lake, slowing down and 
dropping their sediment only when they reached 
gentler slopes and spread out. In the 1930s the 
Dutch geologist Philip Kuenen demonstrated in 
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FIGURE 3-35 A sequence of thick Miocene turbidite 
beds separated by thin shale beds along the Santerno 

River in northern Italy. (From F. J. Pettijohn et al., Sand 
and Sandstone, Springer-Verlag, New York, 1973.) 


A closer look at turbidite deposits shows that 
their sands are typically graywackes (Appen- 
dix I) that are quite unlike the clean sands of 
meandering-river deposits. This is only one of 
several ways in which a cyclical sequence of turbi- 
dites differs from the meandering-river cycle, al- 
though both show a grading of sediment from 
coarse to fine within each complete cycle. An- 
other difference is that a single turbidite is usually 
only a few centimeters and seldom as much as a 
meter thick (Figure 3-35), whereas most com- 
plete meandering-stream cycles measure several 
meters from bottom to top. In addition, turbidites 
lack the large-scale cross-bedding that character- 
izes the channels of a meandering river. In addi- 
tion, the base of a turbidite is often irregular be- 
cause the earliest, inost rapidly moving waters of 
the turbid flow have scoured depressions in the 
sedimentary surface laid down earlier. These 
scours are then filled in by the first sediments that 
settle as the current slows. When the base of a 
lithified turbidite is turned over for inspection, its 
irregularities, or “sole marks," can reveal the di- 
rection of water flow (Figure 3-33B). 





behaves as part of the moving fluid, and its pres- 
ence increases the density of this fluid by as much 
as a factor of two. 

When a turbidity current reaches a place 
whose slope is more gentle than that from which it 
originated, it slows down and spreads out, drop- 
ping its sediment in the general sequence that we 
have now seen again and again: First the coarse 
sediment falls from suspension, and then, much 
later, the fine material follows. The result is a 
graded bed of sediments, with poorly sorted sand 
and granules at its base and mud at the top. Such a 
graded bed is known as a turbidite (Figure 3-33). 

Large turbidity currents flow down continen- 
tal slopes and deposit turbidites along continental 
rises and on the abyssal plain. Turbidity currents 
that originate near the edge of the continental 
shelf not only carry sediment to the deep sea but 
also erode both the continental slope and part of 
the continental rise. Such currents are also largely 
responsible for carving the great submarine can- 
yons that incise many parts of the slope. The tur- 
bidity currents slowed down in front of these can- 
yons, dropping part of their sedimentary load to 
form deep-sea fans that superficially resemble 
alluvial fans (Figure 3-34). In fact, much of the 
continental rise actually consists of coalescing 
submarine fans. 


Monterey 
deep-sea fan 







Delgada 
deep-sea 
fan 


7 Arguello 
deep-sea 
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FIGURE 3-34 Deep-sea fans spreading from subma- 
rine canyons along the coast of California. The fans 
consist primarily of turbidite deposits. (After H. W. 
Menard, Geol. Soc. Amer. Bull. 71:1971- 1278, 1960.) 


reach after traveling through the air as wind- 
blown dust or moving seaward from the land at 
very low concentrations in surface waters of the 
ocean. 

Clays that settle from the upper part of the 
water column are one type of pelagic sediment. 
Other types are contributed by small pelagic or- 
ganisms whose skeletons become sedimentary 
particles when the organisms die. Whether clays 
predominate in any area of the deep sea depends 
on the extent to which they are diluted by the 
more rapid accumulation of biologically produced 
sediments. Some of the latter consist of calcium 
carbonate, while others consist of silica. 

Calcium carbonate predominates in seafloor 
sediment at low latitudes (Figure 3-36), where its 
fine grain size has led oceanographers to refer to it 
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PELAGIC SEDIMENTS 


Turbidity currents and other bottom flows carry 
mud to the abyssal plain of the ocean well beyond 
the continental rise. None of these flows, how- 
ever, contributes sediment to the deep sea at a 
high rate; indeed, sediment in most areas of the 
abyssal plain accumulates at a rate of about 1 mil- 
limeter per 1000 years! In the deep sea, sparse 
sediments from turbidity currents are joined by 
clays from two other sources. One source is the 
weathering of rocks that have been produced by 
oceanic volcanoes. Such clays are less abundant in 
the Atlantic than in the central Pacific, where vol- 
canoes are common. Clays also reach the deep sea 
by settling from the pelagic realm, which they 
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FIGURE 3-36 The global pattern of deep-sea sedi- 
ments. Calcareous oozes are restricted to low latitudes. 
Most areas of siliceous ooze lie closer to the poles, al- 
though some occur close to the equator in areas of the 
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FIGURE 3-37 Siliceous ooze from 
the bottom of the Indian Ocean. The 
meshlike skeletons of radiolarians are 
the dominant components (X 100). 
(Scripps Institution of Oceanography, 
University of California, San Diego.) 


cal waters (Figure 2-26), and radiolarians, which, 
like planktonic foraminifera, are single-celled 
amoebalike creatures that float in the water and 
feed on other organisms. The skeletons of both 
diatoms and radiolarians consist of a soft form of 
silica similar to that of the semiprecious stone 
opal. When concentrated as siliceous sediment, 
these opaline skeletons tend to recrystallize and 
hence to lose their identity (Appendix I). In the 
process, the rock that they form becomes a dense, 
hard chert composed of finely crystalline quartz. 
Before recrystallization, the soft sediment is 
known as diatomaceous earth. The abrasive com- 
ponent of many scouring powders used in kitchens 
is diatomaceous earth. 

Thick diatomaceous bodies of sediment have 
formed in marine areas of strong upwelling, where 
diatoms have been unusually abundant. Diatoms 
did not exist until late in Mesozoic time, however, 
and here we come to an important point: The 
composition of pelagic sediments has changed 
markedly in the course of geologic time as groups 
of sediment-contributing organisms have waxed 
and waned within the pelagic realm. We will ex- 
amine the highlights of these changes in some of 
the chapters that follow. 





as “ooze.” This calcareous ooze consists of skel- 
etons of single-celled planktonic organisms. 
Among them are the globular skeletons of plank- 
tonic foraminifera, which are amoebalike crea- 
tures. Other important constituents are the 
armorlike plates that surround calcareous nan- 
noplankton, the single-celled floating algae that 
are major components of tropical phytoplankton 
(Figure 2-26; see also Figure 2-28). 

Calcareous ooze is abundant only at depths of 
less than about 4000 meters (— 13,000 feet). The 
reason for this limitation is that calcium carbonate 
tends to dissolve as it settles through the water 
column. As pressure increases and temperature 
declines with depth, the concentration of carbon 
dioxide increases; as a result, the water becomes 
undersaturated with respect to calcium carbonate 
and thus tends to dissolve it. 

In many regions at high latitudes as well as in 
tropical Pacific regions characterized by strong 
upwelling, biologically produced siliceous ooze 
carpets the deep seafloor (Figure 3-37). This sed- 
iment consists of the skeletons of two groups of 
organisms that thrive where upwelling supplies 
nutrients in abundance: the diatoms, a highly pro- 
ductive phytoplankton group found in nontrop!- 


are supported by rigid internal organic frame- 
works. Coral reefs form parts of many earbonate 
platforms, although these platforms contain a 
number of other deposits as well. 


10 Beyond the edge of the continental shelf, tur- 
bidity currents periodically sweep down conti- 
nental slopes to the continental rise and deep sea- 
floor, where they spread out, slow down, and 
deposit graded beds of sediment. 


11 Still farther from continental shelves, only 
fine-grained sediments accumulate. Clay reaches 
these deep-sea areas very slowly. In some areas 
the deposition of clay is far surpassed by the accu- 
mulation of minute skeletons of planktonic marine 
life that settle to the seafloor to form calcareous or 
siliceous oozes. 


EXERCISES 


1 What kinds of nonmarine sedimentary depos- 
its reflect arid environmental conditions? 


2 What kinds of nonmarine sedimentary depos- 
its reflect cold environmental conditions? 


3 What kinds of deposits indicate the presence 
of rugged terrain in the vicinity of anonmarine 
depositional basin? 


4 In what nonmarine settings do gravelly sedi- 
inents often accumulate? 


5 Contrast the patterns of occurrence of sedi- 
ments and sedimentary structures in the fol- 
lowing three kinds of depositional cycles: the 
kind produced by meandering rivers, the kind 
produced by deltas, and the kind produced by 
turbidity currents. 


6 Draw a profile of a barrier island - lagoon 
complex, and label the various depositional 
environments. 


7 What features typify sediments that accumu- 
late in the centers of lakes? 


8 How do stromatolites form? 


9 Describe the kind of rock found in a typical 
organic reef. 


10 Where is alagoon in relation to a barrier reef? 
Where is it in relation to an atoll? 
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CHAPTER SUMMARY 


1 Modern environments where sediment is de- 
posited offer valuable examples of the ways in 
which ancient sedimentary rocks formed. Some- 
times one kind of rock alone serves to identity an 
ancient environment. Usually, however, suites of 
closely associated rock types are required for this 
purpose, and these are commonly organized into 
cycles in which one kind of sediment tends to lie 
above another. 


2 Ancient soils are sometimes found beneath un- 
conformitics, although they may be hard to iden- 
tify because of chemical alteration. 


3 Lake deposits, which are much less common 
than inarine deposits, are eharacterized by thin 
horizontal layers, by few burrows, and by an ab- 
sence of marine fossils. 


4 Glaciers, which plow over the surface of the 
land, often leave a diagnostic suite of features, 
including scoured and scratched rock surfaces, 
poorly sorted gravelly sediment, and associated 
lake deposits that exhibit annual layers. 


5 In hot, arid basins on the land, erosion of the 
surrounding highlands creates gravelly alluvial 
fans. Braided streams flowing from the fans 
toward the basin center deposit cross-bedded 
gravels and sands. Beyond these deposits there 
may be shallow lakes and salt flats where evapo- 
rites accumulate. Some arid basins also contain 
dunes of clean, cross-bedded, wind-blown sand. 


6 In moist climates, meandering rivers leave 
characteristic deposits in which channel sands and 
gravels grade upward through point-bar sands to 
muddy backswamp sediments. 


7 Where ariver meets a lake or an ocean, it drops 
its sedimentary load to form a delta; deltaic depo- 
sition typically produces an upward-coarsening 
sequence as shallow-water sands build out over 
deeper-water muds. 


8 More widespread than deltas along the margin 
of the ocean are muddy lagoons bounded by 
barrier islands formed of clean sand. 


9 Coral reefs border many tropical shorelines. A 
typical reef stands above the surrounding sea- 
floor, growing close to sea level and leaving a quiet 
lagoon on its leeward side. Most reef limestones 
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Miall, A., Principles of Sedimentary Basin Analy- 
sis, Springer-Verlag New York Inc., New York, 
1990. 


Prothero, D., Interpreting the Stratigraphic Rec- 
ord, W. H. Freeman and Company, New York, 
1990. 


Reading, H. G., Sedimentary Environments and 
Facies, Blackwell Publications, Palo Alto, Calif., 
1986. 


Reineck, H. E., and I. B. Singh, Depositional Sedi- 
mentary Environments, Springer-Verlag New 
York Inc., New York, 1986. 


Selley, R. C., Ancient Sedimentary Environments 
and Their Subsurface Diagnosis, Cornell Uni- 
versity Press, Ithaca, N.Y., 1985. 


11 Which features of carbonate rocks suggest in- 
tertidal or supratidal deposition? Which fea- 
tures suggest subtidal deposition? 


12 What types of sediments and sedimentary 
structures usually reflect deposition in a deep- 
sea setting? 


ADDITIONAL READING 


Collinson, J. D., and D. B. Thompson, Sedimen- 
tary Structures, Unwin Hyman, London, 1989. 


Davis, R. A., Depositional Systems, Prentice-Hall, 
Inc., Englewood Cliffs, N.J., 1983. 
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THE DIMENSION 
OF TIME 


Re that represent particular intervals of the geologic time scale 
can often be recognized throughout the world by characteristic 
features. The foremost such features of Phanerozoic rocks are the 
fossils they contain. We can estimate the actual ages of rocks and 
fossils (in years) by measuring the degree to which radioactive ele- 
ments within them have decayed. The kinds of organisms whose 
fossils are most useful for dating rocks are those that existed for short 
intervals of time, inhabited many different environments, and left 
behind fossils that are distinctive and abundant. 

Of course, fossils could not be used to date rocks if life on Earth 
were not constantly changing. Because organic evolution is the pro- 
cess by which the sweeping changes in organisms have come about, 
the fossil record is a unique repository of information, revealing 
patterns and rates of both evolution and extinction. 


END ree 
In the Drumheller Badlands of southern Alberta, Canada, erosion has cut into 
horizontal strata. These deposits record the disappearance of the dinosaurs at 
the end of the Mesozoic Era. (R. Hartmier.) 
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CHAPTER 





Correlation and Dating 
of the Rock Record 


The study of the age relationships of layered 
rocks usually begins with an examination of a 
stratigraphic section —a local outcrop or series of 
adjacent outcrops that displays the rocks’ vertical 
sequence (Figure 4-1). By the process known as 
correlation, the fossils of two spatially separate 
stratigraphic sections — one in England and one 
in France, for example — can be identified as hav- 
ing the same geologic age. Since William "Strata" 
Smith first showed that fossils could be used for 
correlation early in the last century (p. 16), the 
distribution of fossils has become much better 
known, and the precision of correlation has been 
greatly improved. 


INDEX FOSSILS 


Fossil species and genera that are especially well 
suited to correlation procedures are called index 
fossils, or guide fossils. Such fossils have some or 
all of the following desirable characteristics: 


1 They are easily distinguished from other taxa. 


2 They are geographically widespread and thus 
can be used to correlate rocks over a large area. 


3 They occur in many kinds of sedimentary rocks 
and therefore can be found in many places. 


N we saw in Chapter 1, geologists of the nine- 
teenth century divided the rock record into 
systems such as the Cambrian, Ordovician, and 
Silurian largely on the basis of the fossils found in 
the various strata. In fact, fossils continue to have 
primary importance in efforts to determine the 
relative ages of rock strata. In this chapter we will 
discuss how fossils are used to subdivide the rock 
record into intervals that represent still smaller 
units of time. We will also analyze deposits and 
erosional surfaces that formed over large areas 
during very brief intervals. These surfaces can be 
used, along with fossils, to determine whether 
certain rocks at different sites are approximately 
the same age. Another important approach we 
will consider is the use of naturally occurring ra- 
dioactive materials, which, as we learned in Chap- 
ter 1, allow us to estimate the actual ages of rocks 
and fossils in years. In other words, this approach 
allows us to position strata and fossils in absolute 
time, rather than simply in relative time, which is 
just a matter of ordering them from older to 
younger. 


EN" /«—2—  .——— 
A living planktonic foraminiferan. Strands of protoplasm 
Fadiate from the hollow skeleton, which is the size ofa 
small grain of sand. Fossil skeletons of planktonic fora- 
minifera are widely used to date sediments. (Manfred 


Kage/Peter Arnold, Inc.) 


4 They are restricted to narrow stratigraphic in- 
tervals, and thus allow for precise correlation. 


Unfortunately, few index fossils exhibit all of 
these traits as strongly as we could wish. Consider 
the planktonic foraminiferan fossils found in late 
Mesozoic and Cenozoic sediments (p. 80), for in- 
stance. Like living species of planktonic forami- 
nifera, these single-celled creatures resembled 
amoebas, but, unlike amoebas, they possessed 
skeletons, and their skeletons settled to the sea- 
floor after the creatures died. Planktonic forami- 
nifera meet important criteria for index fossils in 
two respects: First, they are easily identified un- 
der the microscope; and second, they floated 
across large areas of the sea and settled in a wide 
variety of sedimentary environments. The pri- 
mary limitation of these organisms is that they 
lived in offshore areas and are seldom found in 
sediments deposited near shore. Moreover, some 
extinct species of planktonic foraminifera lived 
over much longer intervals than others. Those that 
survived for as long as 15 or 20 percent of the 
Cenozoic Era make poor index fossils. Only the 
earliest and latest appearances of such species 
provide information that is useful for correlation. 
Other speeies, however, lived for much shorter 
intervals so that their occurences permit far morc 
precise correlation. 


ZONES 


A segment of the stratigraphic record that is char- 
acterized by particular species of index fossils may 
be formally recognized as a zone. Figure 4-2 
shows zones that contain extinct fossil animals 
known as graptolites, many of which serve as ex- 
cellent index fossils. Some zones are defined by 
the presence of single species; others are distin- 
guished by the presence of two or more species. In 
general, the lower boundary ofa zone is defined as 
the level at which one or more species first ap- 
pears in the stratigraphic record. Correspond- 
ingly, the upper boundary is defined as the level at 
which the same species——or another species or 
group of species— disappears. Thus the lower 
boundary of a zone is approximately the same age 
everywhere, and so is the upper boundary. Zones 
are commonly named for particular species that 
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FIGURE 4-1 A stratigraphic section in the San Juan 
Basin of New Mexico. The sandstone exposed here (unit 
B) represents an offshore sandbar of Cretaceous age. 

On the left is a graphic representation of the section, 
where, in keeping with convention, sandstones are de- 
picted in profile as projecting beyond shales. Sandstones 
usually stand out farther than other sedimentary rocks 
in actual outcrops because they are relatively resistant 
to erosion. (After N. A. La Fon, Amer. Assoc. Petrol. 
Geol. Bull. 65:706- 721, 1980.) 
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cates that a range may be longer than that shown here. 
All ranges shown are for species that first appear in the 
argenteus, convolutus, or sedgwickii zone or the maximus 
subzone. Illustrated fossils indicate the variety of forms 
among graptolite species. The stalks of these animals are 
about 2 or 3 millimeters (1 inch) wide. (Adapted from 

R. B. Rickards, Geological Journal, 11:153 — 188, 1976.) 


range. Often a species or genus — the mammoth, 
for example— persisted in a restricted region 
after it had died out in most of the areas it once 
inhabited (Figure 2-5); and many species have had 
complex histories of migration that have resulted 
largely from changing environmental conditions. 

Imperfect as the process may be, the recogni- 
tion of zones often results in correlation with only 
a small margin of error. If a species existed for only 
a million years, for example, its discovery in two 
areas cannot lead to a correlation error that ex- 
ceeds a million years, even if the species appeared 
and disappeared at different times in different 
places. Any uncertainty resulting from correlation 


FIGURE 4-2 Zones based on the presence of fossils of 
planktonic graptolites, an extinct group of animals 
whose fossils are extremely useful for correlation. The 
zones represented in this bar graph are those of the 
lower part of the Silurian System in the British Isles. 
Vertical bars represent the known ranges of species, 
several of which are illustrated. A question mark indi- 


characterize them, but if a zone includes the strat- 
igraphic ranges of several species that belong to a 
single genus, it may instead be named for this 
genus. Some zones are further divided into sub- 
zones (see Figure 4-2). 

Although some zones can be found in many 
parts of the world, others are restricted to a single 
continent. Moreover, no zone represents exactly 
the same interval of time throughout a region, 
because the members of no extinct species ap- 
peared or disappeared simultaneously in all ofthe 
areas they inhabited. As we will see in Chapter 5, 
it is not unusual for a species to originate in a small 
area and later greatly expand its geographic 


chemical behavior of elements — the way partic- 
ular elements combine with others. Sometimes, 
however, the presence of neutrons creates insta- 
bility in the nucleus, and the result is radioactive 
decay. 

Isotopes are forms of an element that differ in 
the number of neutrons in their nuclei. Some iso- 
topes are stable and others are unstable (radioac- 
tive). A radioactive isotope decays spontaneously 
toalower energy level, changing to anew element 
in the process. The isotope that undergoes decay 
is known as the parent isotope, and the product is 
known as the daughter isotope. There are three 
modes of decay: 


Loss of an alpha particle An alpha particle 
consists of two protons and two neutrons. In other 
words, it represents an atom of helium. Loss of an 
alpha particle converts the parent isotope into the 
element whose nucleus contains two fewer pro- 
tons (Figure 4-3). 


Loss of a beta particle A beta particle is an 
electron, which has a negative charge but no mass. 
Its loss turns a neutron into a proton, changing the 
parent isotope into the element whose nucleus 
contains one more proton. 


Capture of a beta particle Addition of a beta 
particle turns a proton into a neutron, changing 
the parentisotope into the element whose nucleus 
has one less proton. 


Some radioactive isotopes decay into other 
isotopes that are also radioactive. In fact, several 
steps of decay are required to yield a stable iso- 
tope from some parent isotopes. 

The utility of radioactive elements for dating 
rocks lies in the fact that each radioactive element 





Uranium Alpha Thorium 
238 particle 234 
Protons 92 — 2 = 90 
Neutrons 146 = 2 = 144 


FIGURE 4-3 Decay of an atom of uranium 238 to 
thorium 234 by loss of an alpha particle. This loss re- 
duces the atomic number by two and the atomic weight 
by four. 
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based on such a species would represent less than 
2 percent of the Cenozoic Era, less than 1 percent 
of the Mesozoic Era, or less than 0.5 percent of the 
Paleozoic Era (see Figure 1-19). 


RADIOACTIVITY AND 
ABSOLUTE AGES 


In 1895 Antoine Henri Becquerel discovered that 
the element uranium undergoes spontaneous ra- 
dioactive decay; that is, its atoms change to those 
of another element by releasing subatomic parti- 
cles and energy. Geologists soon recognized that 
radioactive elements and the products of their 
decay could be used as geologic clocks to measure 
the ages of rocks. These clocks are the primary 
source of the absolute scale of geologic time that 
now allows us to calibrate the relative time scale, 
which is based largely on the principle of super- 
position (p. 15) and on fossils. Before the use of 
radioactive materials, only unusual circum- 
stances, such as the presence of annual varves in 
lake deposits (which we saw in Figure 3-6), per- 
mitted geologists to estimate intervals of absolute 
time. 


Atoms and Isotopes 


Only a few naturally oecurring chemical elements 
are useful for dating rocks by means of radioactive 
decay. A chemical element is characterized by its 
unique atomic number, which influences its 
chemical behavior. The atomic number of an ele- 
ment designates the number of protons— 
positively charged particles —in the nucleus of 
one of its atoms. The two elements with the lowest 
atomic numbers are of such low density that they 
are gases: Hydrogen is the element with the small- 
est number of protons — one — and helium is sec- 
ond, with two. Atomic numbers of other elements 
range to slightly above 100. 

An atom of an element can also have one or 
more neutrons in its nucleus. The nucleus of a 
helium atom, for example, has two neutrons. A 
neutron has the same mass as a proton, and the 
total number of protons and neutrons constitutes 
atomic weight. Because neutrons have no charge, 
however, their presence does not influence the 
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element will decrease to one-half, one-fourth, 
one-eighth, and one-sixteenth of the original 
number of atoms. 


Useful Isotopes 


Many elements occur naturally as both radioac- 
tive and nonradioactive (or stable) isotopes. As 
Table 4-1 indicates, several radioactive isotopes 
are abundant in rocks and are therefore useful for 
geologic dating. Most of these isotopes occur in 
igneous rocks; thus, if we know the amounts of 
parent and daughter elements currently present 
in an igneous rock, we can calculate the time that 
has elapsed since the parent element was trap- 
ped—the date when magma cooled to form the 
rock. A few minerals on the seafloor incorporate 
radioactive elements as well, and radiometric 
dates obtained for these minerals represent the 
interval of time that has elapsed since they 
formed. Radiometric clocks are often reset by 
metamorphism, which separates radioactive iso- 
topes from their decay products. 

As Table 4-1 indicates, the half-lives of natu- 
rally occurring radioactive isotopes differ greatly, 
and these differences have a bearing on the ulti- 
mate use of various isotopes. More specifically, 
isotopes with short half-lives are useful for dating 






TABLE 4-1 Properties of some 
radiometric isotopes that are 
commonly used to date rocks 


Approximate 
Radioactive half life Product of 
isotope (years) decay 





Rubidium 87 48.6 billion Strontium 87 


Thorium 232 14.0 billion Lead 208 
Potassium 40 1.3 billion Argon 40 
Uranium 238 4.5 billion Lead 206 
Uranium 235 0.7 billion Lead 207 
Carbon 14 5730 Nitrogen 14 





Note: The number after the name of each element signifies the 
atomic weight of that element and serves to identify the isotope. 
Carbon 14, which has a very short half-life (that is, a high rate of 
decay), is used for dating materials younger than about 70,000 
years. The other radioactive isotopes are employed for dating 
much older rocks. 
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FIGURE 4-4 Arithmetic and geometric patterns 
formed by loss of atoms through radioactive decay. 
When plotted on a standard arithmetic scale (AJ, the 
number of atoms can be seen to decrease more slowly 
with each successive interval of time. When the number 
of atoms is scaled as a geometric progression (B), the 
plot forms a straight line. Half of the atoms present at 
the beginning of each interval (or half-life) survive to 
the beginning of the next interval. 


decays at its own nearly constant rate. Once this 
rate is known, geologists can calculate the length 
of time over which decay in a natural system has 
been proceeding by measuring the amounts of 
both the radioactive parent isotope and the 
daughter isotope that remain in the rock. This 
procedure is known as radiometric dating. Radio- 
active isotopes decay at a constant exponential or 
geometric rate (not at a constant arithmetic rate), 
as Figure 4-4 indicates. For this reason, no matter 
how much ofthe parent element is present when it 
begins to decay, half of that amount will survive 
after a certain time. Then half of the surviving 
amount will remain after another interval of the 
same duration, and so on. This characteristic in- 
terval is known as the half-life of a radioactive 
element. Thus, in the course of four successive 
half-lives, the number of atoms of a radioactive 


method has provided important dates for events in 
the evolution of humans in Africa. 

In recent years, several additional radiometric 
techniques have been developed to determine the 
ages of rocks or fossils a few million years old or 
younger. One of these techniques is fission-track 
dating, a method for measuring the decay of ura- 
nium 238 that usually yields more accurate age 
estimates than conventional measurements of the 
daughter product (lead 206) when a rock is too 
young to have accumulated much lead. The key 
observation is that when uranium 238 decays, it 
emits subatomic particles that fly apart with so 
much energy that they penetrate the surrounding 
crystal lattice, producing fission tracks (Figure 
4-5). These tracks can be enlarged in the labora- 
tory by acid etching and can then be counted 
under a microscope. After these tracks have been 
counted, the remainder of the uranium can be 
subjected to a neutron field, which causes it to 
decay completely. The number of tracks thus pro- 
duced can be compared to the number that 
formed naturally, and the resulting numerical 
ratio reveals the age of the mineral. 

Another method of dating applies to reef- 
building corals (Box 2-1). It turns out that these 
animals incorporate a small amount of uranium in 
their skeletons. The fact that uranium 234 decays 
rapidly to thorium 230 allows accurate dating of 


NS 





FIGURE 4-5 Fission tracks in a mineral grain en- 
larged by etching. The complete track oriented almost 
horizontally in the center is 13.5 micrometers long. 
(M. K. Rosen and D. S. Miller, Rensselear Polytechnic 
Institute.) 
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only very young rocks, while those with long half- 
lives are best used to date very old rocks. These 
limitations are related to measurement problems 
associated with the various isotopes. In essence, 
isotopes such as carbon 14 that have short half- 
lives decay so quickly that their quantities in old 
rocks are too small to be measured. By the same 
token, isotopes such as rubidium 87 that have long 
half-lives decay so slowly that the quantities of 
their daughter elements in very young rocks are 
too small to be measured accurately. Let us exam- 
ine the radiometric utility of the various decay 
systems listed in Table 4-1. 

The rubidium-strontium system derives its 
value from the fact that rubidium occurs as a trace 
element in many igneous and metamorphic rocks 
and even in a few sedimentary rocks. Because of 
the long half-life of rubidium 87, the parent iso- 
tope, the rubidium-strontium system is generally 
useful only for dating rocks older than about 100 
million years. 

The useful radioactive isotopes uranium 235, 
uranium 238, and thorium 232 decay to different 
isotopes of lead (Table 4-1). Most useful for dating 
by means of uranium and thorium is the silicate 
mineral zircon, which is widespread in low con- 
centrations in igneous and metamorphic rocks as 
well as in detrital sediments derived from them. 
By artificially abrading the surfaces of zircon 
grains to obtain unaltered material and by em- 
ploying several grains to study a single rock unit, 
geologists are now able to date even very old (Pre- 
cambrian) rocks quite precisely. Some calculated 
ages in the range of 2 to 3 billion years are consid- 
ered to be within just a few million years of the 
actual ages! 

The uranium-lead and thorium-lead systems 
have also been used to date rocks from the moon. 
As we shall see in Chapter 8, the ages of the oldest 
dated moon rocks — slightly more than 4.6 billion 
years — closely approximate the age of Earth and 
its solar system, estimated from other evidence. 

Argon, the decay product of potassium 40, is 
an inert gas — that is to say, itis a gas that does not 
combine chemically with other elements. Argon 
does, however, become trapped in the crystal 
lattice of some minerals that form in igneous 
and metamorphic rocks. A deficiency of the 
potassium-argon method is that argon can leak 
from the lattice of a crystal, making it appear that 
less than the actual amount of decay has occurred. 
Nonetheless, as we will see in Chapter 16, this 


Chapter 4 Correlation and Dating of the Rock Record 87 


objects used by the ancient Egyptians at times that 
are well documented in historical records, for ex- 
ample, have yielded radiometric dates that are 
slightly too early. Such errors, which exceed 10 
percent for material 5000 years old, apparently 
result from minor changes in the rate at which 
carbon 14 has been produced in the upper 
atmosphere. 


FOSSILS VERSUS RADIOACTIVITY: 
THE ACCURACY OF CORRELATION 


The fact that the half-lives of radioactive isotopes 
are well established should not be taken to indi- 
cate that radiometric dating permits more accu- 
rate correlation of sedimentary rocks than the use 
of fossils can offer. For one thing, most minerals 
that can be dated radiometrically are of igneous 
origin, and, as Figure 4-6 shows, the dating of 
igneous rocks often yields only a maximum or a 
minimum age for associated sedimentary rocks. 
Clasts of igneous rocks or minerals found in sedi- 
mentary rocks can also be dated radiometrically, 
but only estimates of the maximum ages of sedi- 
mentary rocks can be derived in this way. 
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FIGURE 4-6 A cross section of a group of rocks, show- 
ing how the age of a sedimentary unit can be bracketed 
by the radioactive dating of associated igneous rocks. 
Here the sediments lie on top of a body of igneous 

rock dated at 274 + 5 million years and are therefore 
younger than this. The sediments are also cut by a dike 
and covered by a sill of igneous rock dated at 246 £ 4 
million years; they are therefore older than this. We can 
conclude that this sedimentary unit may be as old as 279 
million years or as young as 242 million years. 


corals that range in age from a few thousand years 
to about 300,000 years. Radiometric isotopes 
of uranium yield both lead and helium as 
final daughter products. Thus, by measuring the 
amount of helium and the amount of undecayed 
uranium trapped in well-preserved coral skele- 
tons, geochemists can date corals several million 
years old. 

Carbon 14 dating, or radiocarbon dating, is 
the best known of all radiometric techniques — 
but because the half-life of carbon 14 is only 5730 
years, this technique can be used only on materials 
that are less than about 70,000 years old. Objects 
of biological origin, such as bones, teeth, and 
pieces of wood, make up the bulk of the materials 
dated by this method. Despite its limitations, 
radiocarbon dating is of great value for dating 
materials from the latter part of the Pleistocene 
Epoch— an interval so recent that most other ra- 
dioactive materials found in its sediments have not 
decayed sufficiently for their products to be mea- 
sured accurately. Fortunately, the useful range of 
carbon 14 extends back far enough to encompass 
the entire time interval during which modern 
humans have existed, as well as the interval during 
which glaciers most recently withdrew from 
North America and Europe at the close of the re- 
cent Ice Age (Pleistocene Epoch). Thus radiocar- 
bon dating plays a valuable role in the study of 
human culture, sometimes being used to date ma- 
terials that are no more than a few hundred years 
old. 

Carbon 14 is a rare isotope of carbon that 
forms in the upper atmosphere, about 16 kilome- 
ters (~ 10 miles) above Earth's surface, as a result 
of the bombardment of nitrogen by cosmic rays. 
Both carbon 14 and the stable isotope carbon 12 
are assimilated by plants, which turn them into 
tissue. Once a plant dies, however, carbon is no 
longer incorporated in its tissues, and the carbon 
14 that was present when the plant died decays 
baek into nitrogen 14. Thusthe percentage of car- 
bon 14 in the tissues of plants declines in relation 
to the percentage of carbon 12, and the ratio ofthe 
two can be used to determine when the tissue 
died. A basic assumption in radiometric dating is 
that the rate of carbon 14 production has been 
constant during the past 70,000 years and that the 
ratio of carbon 14 to carbon 12 in the atmosphere 
has also remained constant. Although no major 
miscalculations have resulted from this assump- 
tion, some minor errors have been noted. Wooden 
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FIGURE 4-7 Estimates of the interval of time repre- 
sented by the Silurian Period. The date each estimate 
was made and the author or authors responsible for each 
estimate are listed. (Adapted from N. Spjeldnaes, Amer. 
Assoc. Petrol. Geol., Studies in Geol. 6:341-345, 1978.) 


made graptolites highly useful index fossils. Most 
individual species of graptolites existed for about 
a million years; thus correlations based on the oc- 
currences of such species cannot be inaccurate by 
a larger interval than this. Even widely separated 
regions that have no fossil graptolite species in 
common may share certain graptolite genera, and 
these genera provide for correlations within the 
Silurian System that are more accurate than 
correlations based on radiometric dates. Although 
radiometric dates are not accurate enough to es- 
tablish the exact times of appearance and disap- 
pearance of individual graptolite species, geolo- 
gists can estimate the approximate lengths of time 
that individual species survived. It can be noted, 
for example, that there are about 30 successive 
graptolite zones in the Silurian System and that 
the Silurian lasted about 30 million years. There- 
fore, because the geologic ranges of many species 
coincide or nearly coincide with single zones 
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Even more fundamental uncertainties are in- 
herent in radiometric dating. Most published ra- 
diometric dates, for example, are followed by the 
symbol + and a number representing a smaller 
interval of time (for example, 472 +7 million 
years). This plus-or-minus sign indicates uncer- 
tainty that is attributable to possible errors in the 
measurement of the quantities of parent and 
daughter elements. 

Not indicated by these plus-or-minus figures 
is the potential error that results from the fact that 
only parent and daughter atoms actually present 
in arock can be detected. In accepting a date, even 
with a plus-or-minus figure, we are assuming that 
a dated rock has remained a closed system — that 
it has neither lost nor received parent or daughter 
atoms from some other source. Unfortunately, this 
is not always the case. Rocks can, in fact, both gain 
and lose atoms, although loss is a more frequent 
problem than gain. This is a particular difficulty of 
the potassium-argon decay system, whose daugh- 
ter element frequently seeps from rock, leading to 
underestimation of the amount of decay that has 
occurred and hence to an underestimation of the 
rock's age. Another source of error in dating im- 
portant stratigraphic boundaries is the absence of 
appropriate radioactive isotopes in rocks posi- 
tioned close to the boundaries. 

These types of errors sometimes add up to 
sizable total errors, especially when very old rocks 
are being dated. This point is well illustrated by 
past estimates made for the beginning and end of 
the Silurian Period (Figure 4-7). In evaluations 
made between 1959 and 1968 alone, the duration 
of the Silurian was halved and then doubled and 
then halved again. It now seems likely that the 
Silurian began between 440 and 430 million years 
ago and that it ended between 410 and 400 mil- 
lion years ago. 

For other important segments of the record, 
dates are quite accurate. For example, reliable 
dating of an igneous sill close to the boundary 
between the Triassic and Jurassic systems in east- 
ern North America establishes a reliable estimate 
of very close to 200 million years for the age ofthe 
boundary. 

Fossil graptolites (Figure 4-2) of Silurian age 
allow for more accurate correlation of sedimen- 
tary rocks than do radiometric dates. Many kinds 
of graptolites floated in the sea and thus spread 
quickly over large areas. In addition, graptolites 
evolved rapidly. These two factors together have 
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these deposits could be accurately correlated 
throughout the world. These two hypothetical 
scenarios —the formation of a time-parallel sur- 
face and a sudden relocation of shorelines— are 
not far removed from actual events whose geo- 
logic records have enabled us to correlate rocks of 
widely separated regions. We will consider these 
events and others in the sections that follow. 


Key Beds 


A key bed, or marker bed, is a bed of sediment that 
resembles our hypothetical layer of paint: All 
parts of it are virtually time-parallel; that is, of 
identical age. Widespread layers of volcanic ash, 
for example, often function as key beds. Some- 
times an ancient ash fall, which may represent 
either a single volcanic eruption or a series of 
nearly simultaneous eruptions, can be traced for 
thousands of square kilometers, and so provides a 
time-parallel surface in the stratigraphic record. 
Figure 4-8 shows an ash bed that formed when a 
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FIGURE 4-8 A thick band of volcanic ash (above the 
hammer head) overlain by two similiar but thinner 
ash beds. This conspicuous group of Cretaceous beds 
permits correlation over a large area of Colorado. (Erle 


Kauffmann, University of Colorado.) 





(Figure 4-2), it can be concluded that many grap- 
tolite species lived about a million years. 

Although radiometric dating provides a spe- 
cial kind of geologic time scale — specifically an 
absolute scale, or one based on years — most geo- 
logic correlations are still based on fossils. Not 
only are fossils more common than radioactive 
elements in sedimentary rocks, but the analysis of 
fossils usually allows for greater accuracy. The 
geologic intervals at the upper and lower ends of 
the geologic scale of time, however, represent 
striking exceptions to this general rule. At the 
upper end, most rocks that are older than about 
1.4 or 1.5 billion years contain few fossils that are 
well enough preserved and easily enough identi- 
fied to serve as index fossils. Thus radiometric 
dates serve as a primary basis for correlation of 
these early rocks, especially from continent to 
continent. And at the lower end of the time scale, 
the interval extending from the present back to 
about 70,000 years ago, radiocarbon dating offers 
estimates of age that commonly have plus-or- 
minus values of only a few percent. Because rela- 
tively few species of animals or plants have ap- 
peared or disappeared during this brief interval, 
fossils found in the corresponding rocks have 
much less value in correlation. 

In the following sections we will examine sev- 
eral other stratigraphic features that in many cases 
permit more precise correlation than either fossils 
or radioactive isotopes. 


TIME-PARALLEL SURFACES 
IN ROCKS 


Imagine that someone with supernatural powers 
were in an instant to spray paint over many areas 
of Earth — ocean floors, lake bottoms, and terres- 
trial lowlands. In keeping with the law of superpo- 
sition, this layer would become a time-parallel 
surface — that is to say, it would separate deposits 
that had formed before it was laid down from ac- 
cumulations that were laid down afterward. Simi- 
larly, if a powerful force were suddenly to lower 
sea level throughout the world by 200 meters, the 
deposition of sediments at the shoreline would 
shift seaward for great distances, and the first of 
the new shoreline deposits thus created would be 
of nearly the same age on all continents, so that 


tion. The character of deep-water evaporite de- 
posits in a basin, for example, can reflect aquatic 
conditions throughout the basin. Because deep- 
water evaporites (Appendix I) typically form 
widespread horizontal beds (Figure 4-9), an indi- 
vidual bed that differs in chemical composition 
from beds above and below can often be traced 
over thousands of square kilometers. 


Shifting of Depositional Boundaries 


No particular type of environment stretches infi- 
nitely far in any direction. Instead, one environ- 
ment of sediment deposition inevitably gives way 
to another, and when it does so, there is either an 
abrupt or a gradual transition from the first mode 
of deposition to the second. The set of character- 
istics of a body of rock representing a particular 
local environment is called a facies, and, accord- 
ingly, lateral changes in the characteristics of an 
ancient body of rock, which reflect lateral changes 
in the depositional environment, are known as 
facies changes (Figure 4-10). Thus one facies in a 
body of rock might consist of a reef of porous 
limestone containing fossil reef-building orga- 
nisms in their living positions. This facies might 








FIGURE 4-10 A facies change, from sandstone on the 
left to shale on the right. The facies not only consist of 
different kinds of rock, they also contain different kinds 
of fossils (here represented by symbols). The upper and 
lower diagrams illustrate two ways in which geologists 
depict facies changes in stratigraphic cross sections. The 
upper diagram emphasizes the gradationalness of the 
facies change. 
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volcano erupted in the region of the Appalachian 
Mountains more than 350 million years ago, when 
these mountains were just beginning to form. 

Glacial tills such as those described in Chapter 
3 also serve as useful marker beds; even tills 
formed by glaciers in different parts of the world 
can be useful if they represent only a brief interval 
of global cooling. 

Certain events produce key beds that allow 
for correlation within particular basins of deposi- 
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FIGURE 4-9 Two cores taken from the Castile evapo- 
rites, which were precipitated in western Texas near 
the end of the Permian Period. The cores are from lo- 
calities 14.5 kilometers (~9 miles) apart, yet their lam- 
ination matches almost perfectly, allowing for precise 
correlation. The alternating dark and light bands, which 
range up to a few millimeters in thickness, probably 
represent seasonal organic-rich (winter) and organic- 
poor (summer) layers. If this is the case, each pair of 
bands represents one year, and the 200,000 or so paíred 
bands of the Castile Formation represent about 200,000 
years of deposition. (R. Y. Anderson et al., Geol. Soc. 
Amer. Bull. 83:59-86, 1972.) 
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the process of progradation pushes the shoreline 
seaward. This migration of a shoreline is known as 
regression (Figure 4-11A). In other instances, the 
shoreline and the facies seaward of it shift inland 
in a process known as transgression (Figure 
4-11B). In still other cases, a transgression is fol- 
lowed by a regression (Figure 4-11C), or vice 
versa, resulting in a more complex pattern that is 
very useful for correlation because it contains a 
time-parallel surface (or a time-parallel line if the 
facies are depicted in a two-dimensional cross sec- 
tion). This surface (or line) connects the facies 
boundaries where they were positioned at the 
time of maximum transgression. Most time- 
parallel surfaces of this type are useful only for 
correlating stratigraphic sections that represent 
single depositional basins, for example, sections 
that represent different parts of a lake or inland 
sea. The unconformities discussed in the next sec- 
tion can provide evidence for correlation over 
longer distances. 


Unconformities, Bedding Surfaces, and 
Seismic Stratigraphy 


Unconformities that formed during the same in- 
terval of tectonic uplift or nondeposition some- 
times constitute nearly time-parallel surfaces. 
Such unconformities may truncate rocks of many 
different ages, but the sediments resting directly 
on top ofthe erosional surface are often nearly the 
same age in all parts of a depositional basin. The 
deposits resting on the surface ofan unconformity 
will rarely be precisely the same age, however, 
and in some cases the ages of these deposits will 
vary greatly from place to place. A sea that has 
deserted an area, for example, may later invade it 
again slowly, after a period of erosion, reaching 
different parts of the area at different times. On 
the other hand, if sea level drops suddenly 
throughout the world and then rises again rapidly, 
theresulting global unconformities may represent 
fairly accurate time markers. 

It is not known why sea level has dropped epi- 
sodically in the course of Earth's history. As we 
will see in Chapter 16, sea level fell repeatedly by 
as much as 100 meters (— 330 feet) within inter- 
vals of just a few thousand years during the recent 
Ice Age, when glaciers expanded over the land, 
“locking up” water and thus removing it from the 
global hydrological cycle. There is no evidence 


pass laterally into areef-flank facies characterized 
by steeply dipping talus deposits of poorly sorted 
rubble from the reef, as in Figures 3-23 and 3-24. 
This second facies might grade in turn into an 
interreef-basin facies composed of fine-grained 
clayey limestone. 

We observed in Chapter 3 that when a sandy 
beach progrades over muddy offshore deposits, 
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FIGURE 4-11 Correlation based on a stratigraphic 
pattern in which a regressive depositional sequence fol- 
lows a transgressive sequence. A. The pattern of a re- 
gressive (progradational) sequence. B. The pattern of a 
transgressive sequence. C. When a regression follows a 
transgression, the points of maximum transgression of 
various facies can be connected to form a line of correla- 
tion, as indicated by the broken line in the diagram. A 
similar line can be constructed for a stratigraphic pat- 
tern in which a transgression follows a regression. 
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FIGURE 4-12 The use of seismic rcfleetions to study 
sediments and rocks buried beneath the seafloor. Sound 
waves are generated by a sounder that makes a pneu- 
matic explosion like that of a bursting balloon. The 
sound waves bounce off surfaces of discontinuity, which 
include bedding surfaces and unconformities. Under- 
water phones then pick up the reflections, allowing ma- 
rine geologists to determine the configurations of buried 
features. Fossils recovered from sediment cores reveal 
the ages of individual sedimentary beds. (After F. Press 
and R. Siever, Earth, W. H. Freeman and Company, New 
York, 1986.) 


that similar continental glaciation took place dur- 
ing some earlier intervals in which sea level fell. It 
has been shown, however, that swelling and sub- 
siding of the deep seafloor has moved sea level up 
and down, but at a slower rate: on the order of 10 
meters (~ 33 feet) per million years. The areas of 
seafloor responsible for most of this fluctuation 
are the midocean ridges. As we shall see in Chap- 
ter 6, these are submarine mountain chains, 
where new oceanic lithosphere is formed. 


FIGURE 4-13 Estimates, based primarily on seismic 
stratigraphy, of relative changes in sea level during the 
Cenozoic Era. Horizontal segments of the sea-level 
curve represent sudden drops in sea level. The horizon- 


tal scale is in arbitrary units. (After B. Haq et al., Science 
235:1 156-1167, 1987.) 
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changes. However, global changes in sea level are 
not reflected in seismic profiles where there is an 
offsetting tectonic change in the position of the 
land (Figure 4-14). If the land in one area rises in 
pace with a eustatic rise in sea level, for instance, 
the eustatic rise will not be expressed as it would 
be if the land were to remain stationary (Figure 
4-15A). Moreover, if the tectonic uplift exceeds 
the eustatic rise in sea level, sea level in that area 
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FIGURE 4-15 Cross sections of shorelines showing 
that a rise in sea level does not necessarily result in a 
transgression. In each of the three pairs of diagrams, the 
initial and final positions of sea level are numbered 1 
and 2. A. The land remains unchanged, and a rise in sea 
level causes a transgression. B. A rise in sea level is ac- 
companied by regression rather than by transgression 
because the land rises tectonically (heavy arrow) more 
than sea level does. C. A rise in sea level is accompanied 
by regression (progradation) rather than by transgres- 
sion because sediment eroded from nearby highlands 
pushes the shoreline seaward. 


In general, the global unconformities that 
have been used most successfully as time markers 
are those that occur within Mesozoic and Ceno- 
zoic sediments lying along continental shelves. 
Most continental shelves have remained below 
sea level since their formation and thus have not 
been destroyed. Such sediments and unconformi- 
ties have been studied by means of the seismic 
reflections that are generated when artificially 
produced seismic waves bounce off physical dis- 
continuities within buried sediments (Figure 
4-12). Some of these discontinuities have been 
found to be time-parallel bedding surfaces, and 
others have been identified as unconformities. 

When compilations of many seismic profiles 
are used together with fossil evidence to date local 
changes in sea level, global patterns of sea-level 
change may be revealed. Evidence that sea level 
rose or fell in many widely separated areas at the 
same time indicates that the change occurred on a 
global scale. Estimates of times and amounts of 
change have yielded a global curve of sea-level 
changes during the Cenozoic Era (Figure 4-13). 
Less precise information for earlier intervals, 
based in part on rocks, fossils, and unconformities 
visible on the continents, has yielded a less de- 
tailed curve for the entire Phanerozoic interval. 

The changes in sea level shown in Figure 4-13 
are based on seismic evidence of simultaneous 
shifts in many parts of the world and are thus as- 
sumed to reflect global or eustatic sea-level 
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FIGURE 4-14 Rates of uplift and subsidence of Earth's 
crust in the United States today. (After S. P. Hand, Na- 
tional Oceanic and Atmospheric Administration. ) 
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Box 4-1 
Searching for Oil off Southern New Jersey 


Cape Cod 


ix 
S 


Oil well s 9 
e 


/ > 
© 
1e 


60 miles 


100 kilometers 


This event marked the birth of the Atlantic Ocean, 
which has been widening ever since as the conti- 
nents on either side have moved farther and far- 
ther apart. As the continents separated, the newly 
formed continental margins subsided, and sedi- 
ments accumulated to great thicknesses along 
eastern North America (Chapter 6). Thus it was 
reasonable to suppose that a reef had once occu- 
pied the shallow waters off the newly formed North 
American coast and that after it died, it sank and 
was buried beneath younger deposits. 


exists both between transgressions and eustatic 
rises and between regressions and eustatic falls — 
but there is a complicating factor that weak- 
ens this correlatión, making transgressions and 
regressions unreliable indicators of eustatic 
changes. As Figure 4-15C indicates, the rate at 
which sediment accumulates strongly influences 
whether transgression or regression willoccurina 
particular area. Thus regressions have often oc- 
curred locally during global intervals of rising sea 





Seismic stratigraphy is a major tool in the search 
for petroleum and natural gas. Seismic cross sec- 
tions reveal that a large ridge extends for hundreds 
of kilometers parallel to the Atlantic coast of the 
United States, deeply buried in sediment below the 
continental slope. The seismic sections display 
broad surfaces within the pile of sediments contain- 
ing the ridge. These surfaces represent brief in- 
tervals when patterns of deposition changed or 
deposition ceased altogether. Thus the surfaces 
allow for correlation, and those that are deflected 
upward in the vicinity of the ridge indicate that it 
once stood above the surrounding seafloor. When 
the ridge was discovered, its location and configu- 
ration suggested that it might be an ancient barrier 
reef that long ago grew along the edge of the conti- 
nental shelf. This possibility aroused the interest of 
the petroleum industry, because buried reefs are 
porous structures that frequently trap oil and gas 
(p. 67). 

Barrier reefs grow at the surface of the ocean, 
but the ridge beneath the continental slope of the 
eastern United States lies about 4 kilometers (~ 2.5 
miles) below present sea level— much lower than 
sea level has ever stood during Phanerozoic time. 
In fact, the entire continental margin has subsided 
greatly since it formed early in the Mesozoic Era. 
The margin formed when a huge continent broke 
apart, separating the landmasses that are now 
North and South America from. Europe and Africa. 


will actually fall in relation to the land (Figure 
4-15B) regardless of what is happening in the rest 
of the world. Box 4-1 illustrates how, in a similar 
way, a continental margin can sink so as to lower 
rocks that originated in shallow water far below 
the position at which they formed. 

In addition, vertical sea-level changes have 
often been mistaken for transgressions and re- 
gressions, which are lateral shifts in the position of 
the shoreline. Of course, a strong correlation 
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(After R. N. Ehrlich et al., American Association of Pe~- 
troleum Geologists, Studies in Geology, No. 27, 1988.) 


above it. For geologists the results were positive in 
one sense: The ridge turned out to be a barrier 
reef, of Late Jurassic and Early Cretaceous age. 
They were negative in a more important sense: Fhe 
reef contained no commercially valuable oil or gas. 


we have seen, Earth’s core consists of dense mate- 
rial made up ofiron and other heavy substances. In 
the outer part of the core, this material is in a 
liquid state, and its motion generates a magnetic 
field. As a result, the planet behaves like a giant 
bar magnet (Figure 4-16). When iron-containing 
minerals form sedimentary or igneous rocks at or 
near Earth’s surface, they often become aligned 
with Earth’s magnetic field just as a compass nee- 
dle does when it is allowed to rotate freely. As 
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Seismic section of the continental margin off the coast of 
New Jersey, revealing a cross-section of an ancient reef. 


The likelihood of striking oi! led three corpora- 
tions to cooperate in constructing an offshore rig 
and drilling into the buried ridge in 1984. The 
drilling produced samples containing fossils that 
revealed the ages of the ridge and the deposits 


level simply because sediment that has been sup- 
plied from the land at a very high rate has pushed 
the sea back from the land. 


Magnetic Stratigraphy 


There is one kind of global event that provides for 
accurate correlation throughout the world: a re- 
versal in the polarity of Earth’s magnetic field. As 
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FIGURE 4-16 Earth's magnetic field. The magnetic‏ 
field, represented by the lines of force surrounding the‏ 
planet, resembles the one that would be produced by a‏ 
bar magnet located within the planet with its long axis‏ 
inclined slightly (11°) from Earth's axis of rotation.‏ 
(After F. Press and R. Siever, Earth, W. H. Freeman‏ 
and. Company, New York, 1986.)‏ 





small grains of iron minerals settle from water to 
become parts of sedimentary rocks, they often ro- 
tate in such a way that their magnetism becomes 
aligned with that of the planet; and iron minerals 
that crystallize from lava or magma automatically 
become magnetized by Earth's magnetic field as 
they cool. 

Itisa startling fact that Earth'snorth and south 
magnetic poles occasionally switch positions. No 
one knows why. Intervals between such magnetic 
reversals vary considerably, but during the Ceno- 
zoic Era they have averaged about a half-million 
years. Sequences of magnetized rocks that can be 
dated radiometrically have revealed the history of 


FIGURE 4-17 Magnetic polarity scale for the Ceno- 
zoic Era. Numbers represent millions of years. About 
half of the time the magnetic field has had normal polar- 
ity (polarity like that of the present), as indicated by the 
colored segments of the scale, and about half of the time 
the polarity has been reversed, as indicated by white 
space. (After W. B. Berggren et al., Geol. Soc. Amer. 
Bull. 96:1407 - 1418, 1985.) 
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FIGURE 4-18 Changing ratio of strontium isotopes 
during the past 25 million years for marine fossils com- 


posed of calcium carbonate. (After D. J. DePaolo, Geol- 
ogy 14:103 - 106, 1986.) 


can date fossil skeletons by measuring their pre- 
cise isotopic composition. This valuable dating 
method has only recently been put to use. It 
promises to resolve many stratigraphic problems, 
especially with respect to Cenozoic fossils, which 
often have undergone relatively little diagenetic 
alteration and retain their original strontium- 
isotope ratios. 


THE UNITS OF STRATIGRAPHY 


Having examined the ways in which rocks are 
correlated and dated, we can now appreciate how 
they are formally classified. As we saw in Chapter 
1, geologists divide the stratigraphic record into 
local three-dimensional bodies of rock that are 
known as formations. Recall that formations are 
sometimes united into larger divisions known as 


magnetic reversals during the Cenozoic Era (Fig- 
ure 4-17) and during much of the Mesozoic Era as 
well. Periods when the polarity was the same as it 
is today are known as normal intervals, and pe- 
riods when the polarity was the opposite of what it 
is today are called reversed intervals. Among the 
rock sequences most useful for magnetic correla- 
tion are multiple lava flows, each of which was 
magnetized as it cooled. The piles of volcanic 
rocks that result often provide a detailed history of 
magnetic reversals. 

The primary difficulty encountered in efforts 
to use the magnetic record for correlation lies in 
determining which worldwide events are re- 
flected by a magnetic reversal in one locality. Par- 
ticularly helpful in this respect is a “signature”; 
that is, a distinctive sequence of reversals. In rocks 
that are known to be of Eocene age, for example, 
a pattern that indicates a long normal interval 
flanked by two long reversed intervals can only be 
early Middle Eocene in age (Figure 4-17). Used in 
conjunction with other dating methods, magnetic 
stratigraphy has greatly improved geologists’ 
ability to date Cenozoic sediments throughout the 
world. 


Strontium Isotopes 


Two stable isotopes of the element strontium that 
occur in all modern seas provide a special oppor- 
tunity to date relatively young rocks containing 
fossils that have not undergone appreciable dia- 
genetic alteration. These two isotopes, strontium 
86 and strontium 87, occur in the same relative 
abundance in all modern seas. The ratio ofthe two 
isotopes' abundances has changed through time, 
however, as a result of many factors, including 
changes in the rates at which rocks of various iso- 
topic composition have yielded their strontium to 
the ocean as a result of exposure and erosion. Dur- 
ing the past 25 million years, the relative abun- 
dance of strontium 87 has increased slightly. Small 
amounts of strontium take the place of calcium in 
the crystal structure of the calcareous skeletons of 
marine organisms. This strontium has the same 
isotopic ratio as the seawater in which the animal 
lives. Thus well-dated fossils provide a record of 
changes in the ratio of strontium 87 to strontium 
86 in seawater. Once a record of these changes 
has been established (Figure 4-18), geologists 


produced by deltas (Figure 3-19) and by mean- 
dering rivers (Figure 3-14). Some formations dis- 
play modest lateral facies transitions, but a major 
facies change, even if gradual, usually leads geolo- 
gists to divide a body of rock into two adjacent 
formations. A formation is assigned a type section 
at a particular locality, and it is there that its upper 
and lower boundaries are defined. 

Lithostratigraphic units are designated with- 
out regard to time relationships— that is, their 
upper and lower boundaries may or may not be 
time-parallel. Therefore, geologists have super- 
imposed on the lithostratigraphic classification 
another classification system that is based on time 
relationships revealed by fossils (Figure 4-19). 
The basic unit of this biostratigraphic system is 
the zone (Figure 4-2). As we have seen, the upper 
and lower boundaries of zones are not perfectly 
time-parallel surfaces. In most cases, however, 
they are nearly time-parallel, and thus the biostrat- 
igraphic classification of rocks approximates a 
chronological classification. 

It is primarily on the basis of biostratigraphic 
zones that Earth’s stratigraphic record is formally 
divided into worldwide systems that correspond 
to the gcologic pcriods: the Cambrian System, the 
Ordovician System, the Silurian System, and so 
on. Systems are grouped into erathems and di- 
vided into series, and serics are further divided 
into stages. These divisions of the stratigraphic 
record, known as chronostratigraphic, or timc- 
stratigraphic, units, correspond to cras, epochs, 
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FIGURE 4-19 Cross section of two formations (A and 
B) separated by a surface that is not time-parallel. The 
boundaries of the biostratigraphic zone X are approxi- 
mately time-parallel, and they pass across the boundary 
between the two formations at an angle. A boundary 
like the one between formations A and B can result from 
either transgression or regression (see Figure 4-11). 
Within formation B, which consists primarily of shale, 
is a member (Q), a thin layer of limestone. 


groups and sometimes include smaller units called 
members. Groups, in turn, may be united into su- 
pergroups. All these entities are known as litho- 
stratigraphic, or rock-stratigraphic, units. They 
are given formal names that are often based on 
local geographic features, such as rivers and 
towns. Formations are delineated on the basis of 
lithology, or the physical and chemical character- 
istics of rock. They are relatively homogeneous 
bodies, many of which consist of a single rock 
type. Others, as we have seen, consist of two or 
more rock types in alternating layers. Formations 
of this sort include the sedimentary rock cycles 






Chronostratigraphic 





Time 
unit Example unit Example 
Era Paleozoic Erathem Paleozoic 
Period Devonian System Devonian 
Epoch Late Devonian Series Upper Devonian 
Age Famennian Stage Famennian 





Note: Chronostratigraphic units are bodies of rock that represent time units bearing the same formal name. 
When an epoch (the time unit) is designated by the term Early or Late, the corresponding series (the 
chronostratigraphic unit) is identified by the adjective Lower or Upper. For example, the Lower Devonian 


series of rocks represents Early Devonian time. 
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as percentages of large units such as stages, series, 
and systems, these units have traditionally been 
treated as if they had time-parallel boundaries. 
Thus they have been designated as chronostrati- 
graphic units. 

Traditionally, each system has been repre- 
sented by a single type section, a local strati- 
graphic section that has served to define the sys- 
tem. As Figure 4-20 indicates, correlation of a 
type section with sections in other regions is inev- 
itably imperfect. In fact, some systems may over- 
lap slightly, because the geologic time scale de- 
veloped haphazardly in the nineteenth century, 
according to the order in which early geologists 
happened to study rocks of various ages (p. 18). As 
we shall see in the introductory sections of Chap- 
ters 10 through 16, different geologic systems 
were established in different regions of Europe. 
Many were established in regions where their 
upper or lower boundaries — or both — are miss- 
ing from outcrops because of erosion or incom- 
plete exposure of the rock record. To reduce the 
resulting problems of correlation (shown in Fig- 
ure 4-20), stratigraphers are now establishing a 
boundary stratotype for each boundary between 
two systems. This is a single stratigraphic section 
in which the boundary is designated (somewhat 
arbitrarily) and marked on the outcrop. A bound- 
ary stratotype serves as a reference point for 
correlation with all other regions of the world. 
When a particular stratotype is to be established, 
an effort is generally made to choose a geologic 
section in which a continuous sedimentary record 
spans the boundary and in which numerous guide 
fossils are present for correlation with other re- 
gions. Quite commonly this approach to interna- 
tional correlation, which has only recently begun, 
will result in the location of lower and upper 
boundary stratotypes for a given system in two 
different geographic areas. Boundary stratotypes 
are being designated not only for systems but also 
for series, stages, and even zones. 


CHAPTER SUMMARY 


] In accordance with the law of superposition, 
stratified rocks accumulate in such a way that the 


and ages, and, like systems, are given the same 
formal names (Table 4-2). Important stages of the 
geologic column are listed in Appendix IV. 

Are systems, series, and stages biostrati- 
graphic units? It is logical to answer yes because 
the boundaries of these divisions are based largely 
on zones, which are biostratigraphic units; but be- 
cause the imperfections of zonal correlations rep- 
resent only small errors when they are considered 


` Time 





Composite section 
from another part 
of the world 


| Type sections 
of three geologic systems 


FIGURE 4-20 Problems of correlation between type 
sections. A, B, and C represent type sections of three 
geologic systems in different areas. The vertical scale is 
based on time rather than on sediment thickness. On the 
right is a composite section showing the systems in yet 
another, more fully exposed area. Caps resulting from 
deposition or erosion are found in all these sections. 
Lines of correlation by means of fossil correspondence 
(dashed lines) show varying degrees of accuracy, with 
time lines horizontal. Systems A and B overlap in time, 
and there is a gap in time between systems B and C. 
Even if perfect correlation were possible, part of the 
composite section on the right could not be assigned to 


a system. 


11 Chronostratigraphic units are composite 
bodies of rock that have been recognized on a 
global scale. To the extent that correlations are 
accurate, time-stratigraphic units (erathems, sys- 
tems, series, and stages) correspond to units of 
geologic time (eras, periods, epochs, and ages). 


EXERCISES 


1 What is the difference between the relative and 
absolute ages of rocks? 


2 For what interval of geologic time is radiocar- 
bon dating applicable? 


3 How are strontium isotopes useful in dating 
rocks? 


4 Why does a geologie formation not necessarily 
have upper and lower boundaries that are time- 
parallel? 


9 What factors prevent biostratigraphic zones 
from having boundaries that are perfeetly time- 
parallel? 


6 What factors lead to imperfections in radiomet- 
ric dating? 


7 Construct a diagram resembling Figure 4-11C 
to depict the depositional history of a barrier 
island—lagoon complex that has undergone a 
regression followed by a transgression. 


8 Construct a diagram resembling Figure 4-15B 
but illustrating that a lowering of sea level need 
not always lead to regression. 


9 How are seismic profiles used to study regional 
stratigraphy? 
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oldest beds are at the bottom and the youngest are 
on top. 


2 Because species of plants and animals have ap- 
peared and disappeared over large areas of Earth 
in the course of geologic time, fossils provide a 
useful means of correlating widely separated 
bodies of sedimentary rock. 


3 The most useful species for correlation are 
called index or guide fossils. Ideally, these species 
are easily identified, widely distributed, abundant 
in many kinds of rock, and restricted to narrow 
vertical stratigraphic intervals. 


4 Index fossils are used singly or in groups to de- 
hine biostratigraphic zones in rocks. The bounda- 
ries of most zones are nearly time-parallel. 


5 The scale of geologic time based on fossils is a 
relative one: Bodies of rock are simply ordered 
from oldest to youngest. The scale based on radio- 
metric dating, in contrast, is an absolute scale in 
which events are measured in years. 


6 Correlations that are based on radiometric 
dates are often less accurate than ones based on 
index fossils. 


7 Key beds such as ash falls, glacial tills, and evap- 
orite beds are sedimentary layers that form almost 
simultaneously over large areas, and thus serve as 
useful time markers. 


8 Some unconformities are useful for identifying 
times in Earth’s history when sea level has sud- 
denly dropped throughout the world. The analy- 
sis of seismic reflections often allows geologists to 
recognize these unconformities and their asso- 
ciated bedding surfaces deep within Earth. 


9 Periodic reversals in the polarity of Earth’s 
magnetic field provide excellent markers for 
correlation of magnetized rocks. 


10 A body of rock that is characterized by a par- 
ticular lithology or group of lithologies is often 
recognized as a formal lithostratigraphic unit (a 
member, formation, or group). Rock units do not 
necessarily have time-parallel upper or lower 
boundaries, so they are often transected obliquely 
by biostratigraphic units. 
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Evolution and the Fossil Record 


broad molars for grinding it up (Figure 5-1). 
Plants, too, exhibit a variety of forms and features 
that vary in accordance with the plants’ ways of 
life. Most tree species that are native to tropical 
rain forests, for example, have leaves that are wax- 
ier than those of plants found in cool regions, anda 
typical tropical leaf terminates in an elongate tip 
called a drip point. The drip point and the waxy 
surfaces help the leaves shed the rainwater that 
falls on them daily in a rain forest; the waxy sur- 
faces also keep them from drying out in the tropi- 
cal heat. In contrast, the leaves of another rain- 
forest plant, the bromeliad, form a cup that acts as 
a private reservoir for rain. Without this feature, 
the bromeliad would dry up and die, because it 
lives high above the moist forest floor, attached to 
trees. Yet another rain-forest plant, the Venus's- 
flytrap, secretes a sweet nectar that lures insects 
to the midrib of its leaf (Figure 5-2). On the mar- 
gins of these leaves are rows of spines that mesh 
when the leaves snap shut around an unsuspecting 
insect. The Venus’s-flytrap then devours the in- 
sect in a reversal of the normal roles of plant and 
animal. 

These specialized features, which allow ani- 
mals and plants to perform one or more functions 
that are useful to them, are known as adaptations. 
Each individual organism possesses many adap- 
tations that function together to equip it for its 
particular way of life. Before the middle of the 
nineteenth century, however, the nature of 


Th: central concept of modern biology is that 
living species have come into being as a result 
of the evolutionary transformation of quite differ- 
ent forms of life that lived long ago. Indeed, it is 
often maintained that very little of what is now 
known about life would make sense in any context 
other than that of organic evolution. It is impor- 
tant to remember, however, that while the broad 
definition of evolution is "change," organic evo- 
lution does not encompass every kind of biologi- 
cal change; instead, the term refers only to changes 
in populations, which consist of groups of indivi- 
duals that live together and belong to the same 
species. 

When we examine the broad spectrum of or- 
ganisms that inhabit our planet, we cannot help 
put be impressed by the success with which each 
form functions in its own particular circum- 
stances. Members of the cat family, for example, 
have sharp fangs in front for puncturing the flesh 
of prey and bladelike molars in the rear for slicing 
meat. Horses, on the other hand, are equipped 
ith chisel-like front teeth for nipping grass and 


۲ « _ 1 __ ._ 
Megatherium americamum was the largest species of 
ground sloths, all of which are extinct. This Pleistocene 
species, which was about 6 mcters (~ 20 feet) long from 
head to tail, migrated to North America from South 
America before it died out. Field Museum of Natural 
History, Chicago, neg. ۵ ) 


of this feature will sometimes be constrained by 
the structure of the ancestral organism. Evolution 
can operate only by changing what is already 
present; it cannot work with the freedom of an 
engineer who is designing a new device from raw 
materials. The business of evolution, in other 
words, is and always has been remodeling — not 
new construction. 

It becomes obvious that evolution is a remod- 
eling process when we observe that certain 
organs, such as the cheek teeth of mammals and 
the leaves of higher plants, serve different func- 
tions in different species but nonetheless share a 
common "ground plan," or fundamental biologi- 
cal architecture. All mammals, for example, pos- 
sess teeth that are rooted in bone and consist of 
both dentin and enamel. Similarly, certain types 
of cells and tissues form the leaves of nearly all 
flowering plants. Common ground plans suggest 
coinmon origins, and this is one of the many pieces 
of evidence that indicate that groups of species of 
the modern world have a common evolutionary 
heritagc: No matter how greatly the species of a 
given order or class may differ, they share certain 
basic features that reflect their common ancestry. 

We will begin by reviewing the ideas of 
Charles Darwin, the man who popularized the 
idea of evolution. Next we will examine natural 
selection, which Darwin recognized to be the 
dominant process of evolution, and discuss 
current knowledge and theories of how new spe- 
cies come into being. Finally, we will learn more 
of what the fossil record has revealed about ex- 
tinction and about rates, trends, and patterns of 
evolution. 


CHARLES DARWIN'S 
CONTRIBUTION 


Few biologists gave serious consideration to the 
idea of organic evolution until 1859, when 
Charles Darwin (Figure 5-3) published his great 
work, On the Origin of Species by Natural Selec- 
tion. One of the most effective ways to appreciate 
the power ofthe basic evidence that evolution has 
occurred is to put yourself in Darwin's position 
when, in 1831, at the age of 23, he set sail as an 
unpaid naturalist aboard the Beagle on an ocean 
voyage that took him around the world. In the 
course of this trip Darwin became convinced of 
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FIGURE 5-1 The teeth of a cat (A) and a horse (B), 
both of Pliocene age. 


adaptations was not well understood. At that time 
it was assumed that adaptations represented per- 
fect mechanisms that had been specially designed 
to allow each species to function optimally within 
its own ecologic niche. Since then it has become 
widely acknowledged that adaptations are fraught 
with imperfections, many of which stem from 
evolutionary heritage. An animal or plant, in other 
words, may develop a useful new feature with 
which to perform a function, but the evolution 





FIGURE 5-2 A Venus’s-flytrap luring a bee onto a gap- 
ing pair of leaves, which will snap shut. (Michael Viard, 
AUSCAPE International.) 
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cesses — including earthquakes and volcanic ac- 
tivity — that corroborated this idea and enabled 
him to appreciate more fully than many of his con- 
temporaries how Earth could be transformed con- 
tinuously by everyday processes. Darwin's con- 
version to uniformitarian geology paved the way 
for his conclusion that natural processes transform 
life in the same way that they transform Earth's 
physical features. 

While Darwin's adherence to the uniformitar- 
ian view of Earth's history provided a framework 
for his acceptance of evolution, it was his observa- 
tion of the geographic distributions of living 
things that ultimately led him to theorize that 
many different forms of life possess a common 
biological heritage. Darwin was surprised to find 
South America inhabited by animals that differed 
substantially from those of Europe, Asia, and 
Africa. The large flightless birds of South Amer- 
ica, for example, were species of rheas (Figure 
5-4), which belonged to a different family from 
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FIGURE 5-4 The rare flightless bird Rhea darwinii, 
named after Charles Darwin. (Painting by John Gould 
from C. Darwin, Zoology of the Voyage of H.M.S. Beagle, 
Smith and Elder, London, 1838 — 1843.) 





FIGURE 5-3 A portrait of Charles Darwin in old age. 
(Painting by John Collier, National Portrait Gallery, 
London.) 


the workings of evolution and also accumulated 
much of the evidence that subsequently enabled 
him to convince others of the validity of his ideas. 


The Voyage of the Beagle 


Some of the observations that Darwin made dur- 
ing his historic voyage were of a purely geologic 
nature. Darwin had been well tutored in geology 
by Adam Sedgwick, an expert on the early Paleo- 
zoic rocks and fossils of Britain. Moreover, just 
before he set sail, Darwin was given the first vol- 
ume of Charles Lyell's Principles of Geology by 
one of his teachers, the botanist J. S. Henslow. 
Although Henslow advised Darwin to read the 
book but not to believe it, Darwin, like most 
others who studied geology at the time, became 
convinced that Lyell's uniformitarian approach 
represented a valid interpretation of Earth's 
history (p. 3). On the voyage of the Beagle, Dar- 
win witnessed some remarkable geologic pro- 


relatives of the living forms (see p. 102 and Figure 
5-5). Why, he asked, were the rhea birds as well as 
all living and extinct members of the sloth and 
armadillo families found nowhere but in South 
America? 

Darwin was also intrigued to find that species 
of marine life on the Atlantic side of the Isthmus of 
Panama differed from those on the Pacific side. In 
places the isthmus is only a few miles wide, and it 
struck Darwin as strange that the marine creatures 
on opposite sides of this narrow neck of land 
should differ from each other — unless the various 
species had somehow come into being where they 
now lived. If the species had instead been scat- 
tered over the planet by an external agent, he 
reasoned, many should have landed on both sides 
of the isthmus. 

Perhaps the most striking of Darwin’s obser- 
vations concerned life forms on oceanic islands. 
Darwin noted that no small island situated more 
than 5000 kilometers (~ 3000 miles) from a conti- 
nent or froma larger island was inhabited by frogs, 
toads, or land mammals unless they had been in- 
troduced by human visitors. The only mammals 
native to such islands were bats, which could orig- 
inally have flown there. This observation led Dar- 
win to suspect that species could originate only 
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6 meters (~ 20 feet) in length — larger than an ele- 
phant. It ranged northward into the United States. The 
giant armadillo is Glyptodon. (A. Jerry Ellis/ The Wild- 
life Collection. B. Courtesy of the Field Museum of 
Natural History, Chicago, neg. CK20T. Painting by 

C. R. Knight.) 
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the superficially similar birds of other conti- 
nents— the ostriches of Africa and the emus of 
Australia. Among other unique South American 
creatures were the sloths and the armadillos. Not 
only was South America the home of living repre- 
sentatives of these groups, but it was there that 
Darwin dug up the fossil remains of extinct giant 





FIGURE 5-5 Unusual South American mammals. 

A. A living three-toed sloth, hanging upside down in its 
normal mode of life. This animal is the size of a small 
dog. B. A reconstruction of two of the Pleistocene mam- 
mals of South America that Darwin unearthed as fossils. 
Megatherium, the giant ground sloth, was more than 
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represent adaptations for reaching tall vegetation. The 
shells of these animals can exceed 1 meter (~ 3 feet) 
in length. (T. Dobzhansky et al., Evolution, W. H. 
Freeman and. Company, New York, 1977.) 


Galápagos; some types had slender beaks, others 
had somewhat sturdier ones, and still others had 
very heavy beaks, which served the function of 
breaking seeds (Figure 5-7). One kind of Galápa- 
gos finch behaved like a woodpecker but used a 
cactus spine as a woodpecker uses its long beak to 
probe for insects in wood. Furthermore, all ofthe 
finches in the Galápagos resembled a species of 
finch on the South American mainland (the closest 
large landmass) rather than the finches found in 
other regions of the world. 

Darwin began to ponder whether a population 
of finches from the South American mainland 
might have reached the islands and become al- 
tered in some way to assume a wide variety of 
forms. It seemed that the finches had somehow 
differentiated in such a manner that they were 
able to pursue ways of life that on the mainland 
were divided among several different families of 
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FIGURE 5-6 Three tortoises, each of which inhabits 

a different island of the Galápagos. Testudo abingdonii, 
which inhabits Pinta Island, has a long neck and a shell 
that is elevated in the neck region; these features 


from other species. Otherwise, why would iso- 
lated areas of land be left without important forms 
of life? 

The Galápagos Islands, which lie astride the 
equator about 1100 kilometers (— 700 miles) from 
South America, played an especially large part in 
the development of Darwin's new ideas. Darwin 
found the Galápagos to be inhabited by huge tor- 
toises, and he thought it curious that the people 
who lived on the islands could look at a tortoise 
shell and immediately identify the island from 
which it had come. The fact that different races of 
giant tortoises occupied different islands (Figure 
5-6) led Darwin to suspect that these distinctive 
populations of tortoises shared a common ances- 
try but had somehow become differentiated in 
form as a result of living separately in different 
environments. Even more striking were the 
various kinds of finches that Darwin found in the 


Anatomical Evidence 


When Darwin returned to England and weighed 
other evidence indicating that one type of orga- 
nism evolved from another, he found that certain 
anatomical relationships seemed to build an espe- 
cially compelling case. One such piece of evi- 
dence was the remarkable similarity of the em- 
bryos of all vertebrate animals (Figure 5-8). 
Darwin was intrigued by the admission of Louis 
Agassiz, a noted American scientist, that he could 
not distinguish an early embryo of a mammal from 
that of a bird or a reptile. This, Darwin reasoned, 
was exactly what could be expected if all verte- 
brate animals had a common ancestry: Although 
adult animals might become modified in shape as 
they adapted to different ways of life, early em- 
bryos were sheltered from the outer world and 
would thus undergo less change. 

Equally convincing to Darwin was the evi- 
dence of homology — the presence, in two differ- 
ent groups of animals or plants, of organsthat have 
the same ancestral origin but serve different func- 
tions. The principle of homology is illustrated by 
the variations in teeth and leaves discussed earlier 
in this chapter. Another example is the common 
origin of the toes of land-dwelling mammals and 
the wings of bats (Figure 5-9). Bats’ wings are 
actually formed of four toes whose external ap- 
pearance and bone configuration resemble those 
of walking mammals. If bats' wings did not share a 
common biological origin with the feet of walking 
mammals, why do the two types of organs have 
similar bone configurations? Such evidence of 
common origins abounds in both the animal world 
and the plant world. 

The existence of vestigial organs— organs 
that serve no apparent purpose but resemble 
organs that do perform functions in other 
creatures — further supported Darwin's argu- 
ment in favor of evolution. One of the most strik- 
ing aspects of vestigial organs is that they are usu- 
ally smaller and less complex than the functional 
organs they resemble. Whales, for examplc, have 
apparently useless bones that resemble the func- 
tional pelvic bones of other mammals (Figure 
5-10). Why would whales possess such bones if 
they were not remnants of once functional organs 
that are now in the process of disappearing? The 
vestigial bones of whales reflect a biological past 
in which these mammals, too, had legs. 
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FIGURE 5-7 Three of the finch species that Darwin 
observed in the Galápagos Islands. A. The large tree 
finch's parrotlike beak operates like heavy pliers in 
crushing fruits and buds. B. The warbler finch's beak 
operates like needlenose pliers in catching insects. 

C. The woodpecker finch, which excavates tree bark 
with its chisel-like beak, uses a cactus needle as a tool to 
probe for insects. (A and B. From P. R. Grant, "Natural 
Selection and. Darwin's Finches,” Scientific American. 
Copyright © 1991 by Scientific American, Inc. B. From 
D. Lack, “Darwin’s Finches,” Scientific American. Copy- 
right © 1953 by Scientific American, Inc. All rights 
reserved.) 


birds. As Darwin put it in the journal in which he 
described his scientific work on the voyage: 


Seeing this gradation and diversity of structure in one 
small, intimately related group of birds, one might really 
fancy that from an original paucity of birds in this Archi- 
pelago, one species had been taken and modified for dif- 
ferent ends. 
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Fish Salamander Tortoise Chick Human 
FIGURE 5-8 Early stages in the embryology of various are nearly identical. (After G. Hardin, Biology: Its Hu- 


groups of vertebrate animals. Note that in the earliest man Implications, W. H. Freeman and Company, New 
stage shown here (top), the embryos of all the groups York, 1949.) 





FIGURE 5-10 The skeleton of a baleen whale, the 
largest living mammal. The enlargement shows the 
: 's pelvic bones, which resemble those of other 
.9 The extended wing of a bat. The five whale's pe 
a E DEE o the toes of a land-dwelling mammals but are only weakly developed and serve no 
E- and to the fingers of the human hand. apparent function. (Drawing by Gregory S. Paul.) 





dividuals that came to predominate as generation 
followed generation could then be said to be fa- 
vored by natural selection. 


GENES, DNA, AND CHROMOSOMES 


Darwin faced a major obstaele in convincing 
others that natural selection could operate effec- 
tively to produce evolution. Because he lived be- 
fore the birth of modern genetics, Darwin was not 
familiar with the mcchanisms of inheritance and 
thus could not explain how an organism could pass 
along a favorable genetic trait to its offspring. Al- 
though the Austrian monk Gregor Mendel had 
outlined the basic clements of modern genetics 
only a few years after Darwin published On the 
Origin of Species, Mendel’s work was not ac- 
knowledged until the turn of the century, two 
decades after Darwin’s death. 

Mendel’s most significant eontribution to 
modern genetics was the concept of particulate 
inheritance, which explains how certain heredi- 
tary factors, which we now call genes, retain their 
identities while being passed on from parents to 
offspring. Mendel’s experiments with pea plants 
demonstrated that individuals possess genes in 
pairs, with one gene of each pair coming from each 
parent. In one of his experiments, Mendel em- 
ployed a true-breeding white-flowered strain of 
pea plants and a true-brceding red-flowered 
strain. (True breeding signifies that within the 
strain, descendants resemble parents throughout 
a long series of generations.) Mendel’s first step 
was to cross plants of the white-flowered strain 
with those of the red-flowered strain. The surpris- 
ing result was that all of the daughter plants had 
red flowers. When these rcd plants were crossed 
with each other, however, they produced both 
red-flowered and white-flowered descendants. 

The most significant aspect of Mendel’s work 
was his discovery that the effect of the gene for 
white color could surface in the third generation 
even after its presence had been masked in the 
second generation. Preservation of genes in this 
manner —that is, as discrete entities that maintain 
their identity from generation to generation — 
constitutes the basis of particulate inheritance, 
the cornerstone of modern genetics. 

Darwin's problem was that he and his contem- 
poraries lived in an era dominated by the erro- 
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Natural Selection 


Darwin also recognized a different type of evi- 
dence that pointed to the validity of biological 
transformation in nature: Animal breeders were 
known to have produced major changes in domes- 
ticated animals by means of selective breeding. If 
wild dogs could be modified into greyhounds, 
Saint Bernards, and chihuahuas under domestic 
conditions, Darwin saw no reason why animals 
should be anatomically straitjacketed in nature. 
The question was: What could bring about biolog- 
ical changes under natural conditions? 

This question led to Darwin's second great 
contribution. The first, of course, had been his 
amassing of an enormous amount of evidence in- 
dicating that species had evolved in naturc. The 
second was his conception of a mechanism 
through which evolution was likely to have taken 
place. The mechanism Darwin proposed was nat- 
ural selection — a process that operates in nature 
but parallels the artificial selection by which 
breeders develop new varieties of domestic ani- 
mals and plants for human use. 

Essentially, artificial selection in domestic 
breeding involves the preservation of certain bio- 
logical features and the elimination of others. A 
breeder simply chooses certain individuals of one 
generation to be the parents of members of the 
succeeding generation. Darwin recognized that in 
nature, many more individuals of a species are 
born than can survive. Accordingly, he reasoned 
that success or failure here, as in artificial breed- 
ing, would not be determined by accident. In na- 
ture it would be determined by advantages that 
certain individuals had over others— greater 
ability to find food, for example, or avoid enemies, 
or resist disease, or deal with any of a number of 
environmental conditions. By virtue of their lon- 
gevity, these individuals would tend to produce 
more offspring than others. 

Darwin also recognized, however, that sur- 
vival was not the only factor influencing success in 
natural selection, because some individuals with 
only average life spans were capable of producing 
more total offspring than others simply because 
they bore large litters or shed large numbers of 
seeds. Thus, as long as the members of a breeding 
population varied substantially in either longevity 
or rate of reproduction, certain individuals would 
pass on their traits to an unusually large number of 
members of the next generation. The kinds of in- 
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FIGURE 5-11 The complete set of human chromo- 
somes. One member of each of the 23 pairs comes from 
each parent. The presence of two X chromosomes indi- 
cates that this set of chromosomes represents a female; 
the male condition is determined by the presence of one 
X and one Y chromosome instead of two X’s. (M. Grum- 
bach and A. Morishima.) 





spect to each other. The exact importance of these 
changes to the ways in which DNA controls the 
development and operation of an organism re- 
mains uncertain. 


POPULATIONS, SPECIES, AND 
SPECIATION 


When two animals breed, each normally contrib- 
utes half of its chromosomes to each offspring by 
way of a gamete, a special reproductive cell that 
contains only one (rather than a pair) of each type 
of chromosome. The female transmits this set of 
chromosomes by way of an egg cell, which is the 
female gamete, and the male by way of a sperm 
cell, the male gamete. Similarly, the offspring, if it 
mates, combines half of its chromosomes with half 
of those of a member of the opposite sex in order 
to produce still another generation. The mixing 
that takes place in this manner, which is known as 
sexual recombination, continually yields new 
combinations of chromosomes and hence of 
genes. The process of sexual recombination, in 


neous concept of blended inheritance, which 
held that genetic material is permanently diluted 
when it is combined with other genetic material 
through mating. This theory maintained that, bar- 
ring the influence of nutrition during life, an indi- 
vidual of medium height should result from the 
mating of a tall individual with a short one. In 
keeping with this assumption, some of Darwin’s 
opponents argued that any useful new feature that 
might appear in a species would subsequently be 
diminished upon being blended with other fea- 
tures as generation followed generation until the 
feature eventually disappeared. Because he was 
unaware of the concept of particulate inheritance, 
Darwin was unable to counter this argument. 

Another discovery that was made during the 
emergence of modern genetics was that genes can 
be altered. It is now understood that genes are, in 
fact, chemical structures that can undergo chemi- 
cal changes, and these changes, or mutations, 
provide much of the variability upon which natu- 
ral selection operates. Genes are now known to be 
segments of long molecules of deoxyribonucleic 
acid, or DNA—a compound that carries chemi- 
cally coded information from generation to gen- 
eration, providing instructions for growth, devel- 
opment, and functioning of organisms. 

Changes in one or more of the hundreds of 
nucleotides that form genes along a strand of DNA 
are known as point mutations. These mutations 
can result from imperfect replication of the DNA 
strand during cell division, so that one of the new 
cells formed from the preexisting cell inherits a 
slightly altered copy of the first cell’s genetic ma- 
terial. Point mutations can also occur when an 
already-existing DNA strand is chemically altered 
by an external agent, which may be a chemical 
substance or a dose of radiation such as cosmic 
radiation or ultraviolet light. In any case, point 
mutations usually produce changes in the struc- 
ture of the proteins that are coded by the mutated 
segments of DNA. 

In organisms other than bacteria and their 
close relatives (Figure 1-5), DNA is concentrated 
within chromosomes, which are elongate bodies 
found in the nucleus of the cell. Most organisms 
have chromosomes that are paired, one having 
been inherited from each parent (Figure SIDE 
Chromosomal mutations take the form of changes 
in the number of chromosomes or in the positions 
of segments of individual chromosomes. Such 
changes cause segments of DNA to move with re- 


Georges Cuvier, a French naturalist, pointed out 
that fossil mammoths were so large that any living 
mammoths could not possibly have been over- 
looked. Cuvier thus concluded that mammoths 
were extinct. His argument was well received, and 
soon the extinction of many species was accepted 
as fact. 

In general, extinction results from particularly 
extreme impacts of the factors that normally hold 
populations in check. A limiting factor may be 
predation on a population, disease, competitive 
interaction with one or more other species, a re- 
strictive condition of the physical environment, or 
chance fluctuation in the number of individuals in 
the population (p. 26). Changes resulting from 
one or more of these factors have led to the extinc- 
tion of most of the species of animals and plants 
that have inhabited Earth; in fact, of all the species 
that have existed in the course of Earth’s history, 
only a tiny fraction remain alive today. 

Species have also disappeared by evolving to 
the point at which they have been formally recog- 
nized as different species. In this process, known 
as pseudoextinction, a species’ evolutionary line 
of descent continues, but its members are given a 
new name. The point at which the new species 
comes into being is often arbitrarily designated, 
because there is no way of determining precisely | 
when members of an evolving group lost the abil- 
ity to interbrced with its original members. 


Mass Extinction 


In addition, large numbers of species have van- 
ished throughout the world during intervals of 
just a few million years in periodic episodes of 
mass extinction. In the chapters that follow, we 
will review the most conspicuous episodes of mass 
extinction in Earth’s history, including the one in 
which the dinosaurs disappeared. Although the 
fossil record is imperfect, it nonetheless reveals 
that at certain times between 50 and 90 percent of 
all the species on Earth died out during very brief 
geologic intervals. All mass extinctions, however, 
have been followed by at least a partial evolution- 
ary recovery in which the number of species on 
Earth has increased again. The causes of mass ex- 
tinction are by no means fully understood, and 
different mass extinctions may well have had dif- 
ferent causes, but all seem to have affected some 
groups of living things more severely than others. 
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conjunction with occasional point and chromo- 
somal mutations, is responsible for the variability 
among organisms that provides the raw material 
for natural selection. Unfortunately, Darwin and 
his contemporaries had no knowledge of these 
sources of variability. 

In the study of evolution today, the sum total 
of genetic components of a population, or group of 
interbreeding individuals, is referred to as a gene 
pool. And as we have seen (p. 7), populations 
form a species if their members can interbreed. 
Reproductive barriers between species keep gene 
pools separate and thus prevent interbreeding. 
These barriers include differences in mating be- 
havior, incompatibility of egg and sperm, and fail- 
ure of offspring to develop into fully functioning 
adults. 

Not only can a species as a whole evolve in the 
course of time, but it can also give rise to one or 
more additional species. The origin of a new spe- 
cies from two or more individuals of a preexisting 
one is called speciation. Because species arc kept 
separate from one another by reproductive bar- 
riers, speciation, by its very definition, entails evo- 
lutionary change that produces such barriers. 
It is widely believed that most events of speciation 
involve the geographic isolation of one population 
from the remaining populations of the parent spe- 
cies. This isolated population then follows an evo- 
lutionary course that causes it to diverge from the 
parent species in both form and way of life. Its 
divergence may result from such phenomena as 
the occurrence of unique mutations and the guid- 
ance of natural selection by unusual environmen- 
tal conditions. The development of distinct spe- 
cies of finches on the various Galápagos islands 
(Figure 5-7) illustrates this principle. 


EXTINCTION 


Fossils provide the only direct evidence that life 
has changed substantially over long spans of geo- 
logic time. They also offer the only concrete evi- 
dence that millions of species have disappeared 
from Earth, or suffered extinction. 

The idea that a species could become extinct 
was not widely accepted until late in the eigh- 
teenth century. Before that time, fossil forms that 
seemed no longer to inhabit Earth were thought to 
live in unexplored regions. In 1786, however, 
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niches, ecologic competition does not restrain the 
diversification of the new group. In addition, 
when a group first evolves, predatory animals may 
not yet have developed efficient methods for at- 
tacking the new group’s members, and this pro- 
tected status permits the new group to form many 
new species in a short period of time. 

Sometimes the extinction of one biological 
group has allowed for the adaptive radiation of 
another even though the radiating group was not a 
new one on Earth. Mammals, for example, inhab- 
ited Earth during almost all of the Mesozoic Era, 
but they remained small and relatively inconspic- 
uous until the close of that era, when the dinosaurs 
suffered extinction. Unrestrained by competition 
or predation by dinosaurs, mammals then under- 
went a spectacular adaptive radiation. Their rise 
to dominance on the land has led paleontologists 
to label the Cenozoic Era the Age of Mammals. 
Most of the living orders of mammals, including 
the order that comprises bats and the one that 
comprises whales, came into existence within only 
about 12 million years of the start of the Cenozoic 
Era. This interval represents only about 2 percent 
of all Phanerozoic time. 

Many episodes of adaptive radiation have 
been preceded by adaptive breakthroughs —the 
appearance of key features that, along with eco- 
logic opportunities, have allowed the radiation to 
take place. The rapid growth of the hexacorals’ 
skeletons, for example, has been very important, 
for it has often allowed these creatures to crowd 
out other animals that inhabit hard surfaces in 
shallow marine environments (p. 46). Because 
their skeletons are porous, hexacorals can quickly 
assume large proportions without the need for 
large volumes of calcium carbonate. Thus they 
have had an edge over slowly growing organisms 
with which they compete for space on the sea- 
floor. Another adaptive breakthrough for the 
hexacorals was the development of a symbiotic 
relationship with algae that live in the tissues of 
the reef-building species and help the hexacorals 
develop their skeletons. 

A variety of adaptive breakthroughs played 
major roles in the early Cenozoic adaptive radia- 
tion of mammals. The key feature for rodents, for 
example, may have been gnawing front teeth, 
which these animals use for eating nuts and other 
hard seeds. For grazing horses, the development 
of grinding cheek teeth, mentioned earlier, was a 
major adaptive breakthrough. 


The kinds of groups that were affected varied 
from episode to episode. Unfortunately, it ap- 
pears today that the world is entering a unique 
interval of mass extinction: one that our own spe- 
cies is bringing about (Box 5-1). 


Rates of Origination and Extinction of Taxa 


One unique contribution of fossils to biological 
science is the ability they afford us to assess rates 
of evolution and extinction. It is only through data 
derived from the fossil record, for example, that 
we have been able to measure the rates at which 
new species, genera, and families have appeared 
within large groups of animals and plants. We may 
use the number of species, genera, or families liv- 
ing today as a final number in some calculations, 
but the geologic record provides essential infor- 
mation about the events that have produced the 
numbers of these living taxa. 


Adaptive Radiation At many times in Earth’s his- 
tory, groups of animals or plants have undergone 
remarkably rapid evolutionary expansion — that 
is to say, one or more phyla, classes, orders, or 
families has produced many new genera or species 
during brief intervals of time. Rapid expansions of 
this kind are known as adaptive radiations. In this 
context, the word radiation refers to the pattern of 
expansion from some ancestral adaptive condition 
to the many new adaptive conditions represented 
by descendant taxa. The word adaptive expresses 
the idea that the new taxa that develop are func- 
tionally related to new ways of life. Figure 5-12 
shows how the fossil record permits us to measure 
the rate at which adaptive radiation has taken 
place. Here we can see that the number of families 
of corals increased rapidly during the Jurassic Pe- 
riod. The coral families depicted belong to the 
group known as the hexacorals, which first ap- 
peared in mid-Triassic time, about 215 million 
years ago. Living species of hexacorals form the 
beautiful coral reefs of the modern world (see 
Box 2-1). 

Adaptive radiation often occurs in groups of 
plants or animals within just a few million years of 
their origin. This pattern is typical because the 
modes of life of recently formed groups often 
differ from those of groups that originated earlier. 
Since the old and new groups occupy different 
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nated as aresult of volcanic eruptions afew million 
years ago. Many large lakes have also been sites of 
adaptive radiation in the recent past. In Lake Vic- 
toria in Uganda, which came into being no more 
than afew hundred thousand years ago, about 170 
species of fishes of the cichlid group have been 
identified, and all but three of them can be found 
nowhere else in the world. Many of these fishes 
have highly distinctive adaptations; some are spe- 
cialized for eating insects, others for attacking 
other fishes, and still others for crushing shelled 
mollusks (Figure 5-13). Several species of cichlids 
that still inhabit Lake Victoria look very much like 
the fishes that seem to have given rise to the great 
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Haplochromis sauvagei, a mollusk eater (60% of actual size) 


FIGURE 5-13 Three of the more than 170 species of 
cichlid fishes that evolved in Lake Victoria, Uganda, 
within the last few hundred thousand years. The fishes 
exhibit many different adaptions. (After P. H. Green- 
wood, Brit. Mus. [Nat. Hist.] Bull. Suppl. 6, 1974.) 


FIGURE 5-12 The pattern of adaptive radiation of the 
hexacorals since the group originated in mid-Triassic 
time. This group builds modern coral reefs. Typical rep- 
resentatives of six families are illustrated. All of these 
colonies are between about 10 and 20 centimeters (4—8 
inches) in maximum dimension. Four of the five orders 
of hexacorals (roman numerals) were already present by 
mid-Jurassic time, and nearly all superfamilies (pat- 
terns), but families (names printed in color) continued to 
proliferate during the Cretaceous Period. 


The pattern of adaptive radiation seen in Fig- 
ure 5-12 is typical: Early expansion produced 
large-scale evolutionary divergence at a very 
early stage. Note that four of the five modern 
orders of hexacorals were already present halfway 
through the Jurassic Period, shortly after the 
adaptive radiation of hexacorals began. After the 
new orders of hexacorals became established, 
however, evolutionary change was more re- 
stricted. New families continued to develop at a 
high rate, but new orders did not. Later, during 
the Cenozoic Era, few new families evolved, but 
divergence continued at the genus and species 
level. This pattern seems to indicate that as a 
group of animals or plants begins to expand, it 
quickly exploits any adaptations that its body plan 
allows it to develop with ease. Later, however, 
evolution is restricted to the development of vari- 
ations on the basic adaptive themes that evolved 
early on. In time, few new families evolve, and 
eventually only new genera and species evolve. 

Local adaptive radiations of the recent past 
offer special insights into larger adaptive radia- 
tions that took place earlier. Many of these local 
adaptive radiations occurred in isolated environ- 
ments such as islands or lakes, whose well-defined 
boundaries prevent the escape of the species 
within them. When these sites of evolution are of 
recent origin, they can provide evidence of the 
remarkably rapid diversification of life. This di- 
versification, in turn, usually reflects the fact that 
the site of adaptive radiation was uninhabited ter- 
ritory and thus lacked the predators and competi- 
tors that might have inhibited the evolutionary 
diversification. 

The Galápagos, where Darwin studied the 
unique groups of tortoises and finches (Figures 
5-6 and 5-7), are the islands most famous as sites of 
recent adaptive radiation. The Galápagos origi- 
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Box 5-1 
The Coming Mass Extinction 





ing most rapidly. (Box 2-1 describes how many 
species that inhabit coral reefs in present-day tropi- 
cal seas are imperiled because they have narrow 
ecologic niches.) 

Rates of extinction have varied throughout geo- 
logic time, but calculations suggest that during 
most intervals, only about one species died out 
each year on the average. These days several spe- 
cies must be dying out somewhere every day. Ex- 
perts believe that the rate of extinction may climb 
to several hundred species a day within 20 or 30 
years. 

The largest number of extinctions can be traced 
to our destruction of habitats. Of all our depreda- 
tions, the destruction of tropical forests — most 
of them rain forests —has the most dire conse- 
quences, for two reasons. First, even though these 
lush habitats occupy less than 10 percent of Earth's 
land area, they contain most of the world's species. 
Second, the total expanse of tropical forests being 
destroyed every year would make an area about the 
size of West Virginia; and only about 5 percent of 
the remaining area is protected in parks and pre- 
serves. Because their populations fall below critical 
levels, many species die out in a shrinking forest 
long before the forest has disappeared altogether. 
Rain forests can grow again in areas from which 
they have disappeared, but recovery requires more 
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The Siberian tiger, a subspecies, 
is on the verge of extinction. 
(Jim Brandenburg/Minden 
Pictures.) 


The great extinctions of the geologic past provide a 
unique perspective on the extinctions that humans 
are now precipitating throughout the world. Com- 
parisons indicate that our activities are triggering a 
mass extinction that will rival any that the world has 
known in the past 600 million years. 

The fossil record alerts us to look for particular 
patterns in the crisis we are entering. Large ani- 
mals, for example, have always tended to suffer rel- 
atively high rates of extinction, apparently because 
their typically small populations leave them con- 
stantly at risk. The dinosaurs and mammoths spring 
most readily to mind. 

The fossil record also shows that when the 
environment deteriorates on a global scale, the 
percentage of species that are lost tends to be es- 
pecially great in tropical regions. Tropical species 
are particularly vulnerable because the great diver- 
sity of life in the tropics is packed into complex 
communities in which many species have spe- 
cialized ecologic requirements and small popula- 
tions. A large proportion of these species can exist 
only in association with certain other species, which 
provide their habitat or their food. Thus when one 
species goes, others are sure to follow. The pat- 
terns seen in the fossil record are already apparent 
in the modern-day crisis: Large-bodied and eco- 
logically specialized species have been disappear- 
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adaptive radiation that has occurred within the 
lake. In other words, the original species, or de- 
scendants very much like them, remain along 
with much more distinctive products of adaptive 
radiation. 

Given the evidence that dramatic adaptive ra- 
diations have taken place in lakes and on islands, it 
is interesting to consider what may have hap- 
pened in the aftermath of major extinctions of the 
past. When the dinosaurs disappeared from Earth 
at the end of the Mesozoic Era, for example, the 
great continents of the world must have been the 
equivalents of large vacant islands that mammals 
could colonize on a grander scale than had been 
possible when dinosaurs ruled. For the mammals, 
which had remained small and inconspicuous in 
the shadow of the dinosaurs, the opportunity to 
undergo adaptive radiation must have resembled 
the evolutionary opportunity that was available to 
the first cichlids that arrived in Lake Victoria 
or the first finches that landed on the Galapagos 
Islands. Opportunities for mammals expanded 
simply because the entire world, not just a small 
area, had become available for their occupation. 

Thus small-scale adaptive radiations of the re- 
cent past seem to offer useful models for under- 
standing larger adaptive radiations of the more 
distant past. The most basic lesson here is that 
when preexisting species do not interfere, a small 
number of founder species can rapidly produce 
many new species, some of which differ substan- 
tially from the original forms. 


Rates of Extinction Extinction rates have varied 
greatly among most large groups of animals and 
plants in the course of geologic time, and they 
have varied just as greatly from taxon to taxon. An 
average mammalian species, for example, has sur- 
vived for just 1 to 2 million years, which means 
that the extinction rate for mammals has exceeded 
50 percent per million years. In contrast, within 
many groups of marine life, including bivalve 
mollusks (clams, scallops, oysters, and their rela- 
tives), species have, on the average, existed for 10 
million years or more. Under ordinary circum- 
stances, then, only a small fraction of the species 
within these groups has disappeared every million 
years. 

Groups of animals and plants that are well rep- 
resented in the fossil record and that have experi- 
enced high extinction rates tend to serve well as 
index or guide fossils (p. 81). The ammonoids, an 


than a century. The forests are disappearing so 
rapidly that even a massive restoration program 
would be too late to preserve vast numbers of spe- 
cies of great beauty, scientific interest, and possible 
value to humankind as sources of medical drugs 
and other useful products. Through the natural spe- 
ciation process, evolution would require several 
million years to restore the lost diversity. Even then 
the process would not precisely duplicate any lost 
species, or even produce species remotely resem- 
bling those that belonged to genera or families that 
had vanished altogether. 

Even when we do not attack a habitat with fire, 
chainsaws, and bulldozers, we can still manage to 
alter it in ways that make it hostile to many forms of 
life. Acid rain has devastated vast areas of North 
America and Europe. The acid forms in the atmo- 
sphere from oxides of nitrogen and sulfur emitted 
by automobiles and power plants. Precipitation and 
runoff bring it to lakes and rivers. The resulting 
pollution has killed all the fishes in hundreds of 
[akes in New York State, and in Nova Scotia it has 
eliminated the Atlantic salmon from numerous 
rivers where it once came every year to spawn. 

Direct exploitation of animals and plants is an- 
other cause of extinction. The African black rhinoc- 
eros will be lucky to survive hunters who are eager 
to cater to people in all parts of the world who 
cling to the old fantasy that its horn enhances sex- 
ual prowess. 

After earlier mass extinctions, a few kinds of 
surviving organisms inherited a world all but free of 
competitors and predators, and their populations 
exploded. These were ecologic opportunists — 
species capable of invading vacant terrain readily 
and then multiplying rapidly (p. 28). Weeds are not 
the only opportunists in today's world; so are noisy, 
aggressive birds such as starlings, the cyanobac- 
teria that form scummy masses in polluted water 
and then decay to rob their environment of oxygen, 
and many other forms of life inimical to ours. Thus 
we not only face the prospect of losing vast num- 
bers of species important to us and many entire ec- 
ologic communities in the next few decades; we 
must also expect their places to be filled by species 
that impair the quality of human liie. 


FIGURE 5-14 The appear- 
ance and disappearance of am- 
monoid genera through time. 
The ammonoids were mollusks 
related to squids and octopuses 
but possessed of coiled shells. 
The turnover rate of genera 
was high throughout the am- 
monoids’ history. Data plotted 
for the three stages of the 
Mesozoic Era show that few 
genera present during one age 
were still present in the next. 


(After W. J. Kennedy, in A. Hal- 
lam [ed.], Patterns of Evolution, 
Elsevier, Amsterdam, 1977.) 


tations of the mammalian body plan and mode of 
development. It would appear, in other words, 
that certain adaptations are likely to develop 
under a variety of circumstances, while others are 
highly unlikely to evolve. The species illustrated 
in Figure 5-15 have body forms and modes of life 
that were likely to evolve when primitive mam- 
mals were permitted to undergo an extensive 
adaptive radiation, and accordingly, all developed 
at least twice. 

Almost all adaptive radiations, however, have 
produced some surprises as well. Judging from 
what we see elsewhere in the world, we might 
have predicted, for example, that hoofed, four- 
footed herbivores resembling deer, cattle, and an- 
telopes would populate the continent of Australia. 
Asit turns out, the Australian equivalents of these 
large galloping herbivores are kangaroos-—ani- 
mals that hop around on two legs. Apparently it 
just happened that the breakthrough represented 
by the kangaroos’ hopping adaptation evolved in 
Australian herbivorous ‘marsupials before an 
adaptive breakthrough could produce an efficient 
running apparatus. Once the kangaroos had occu- 
pied many regions of Australia, there was simply 
little opportunity for animals resembling deer, 
cattle, or antelopes to evolve. 


EVOLUTIONARY TRENDS 


By examining the evolutionary history of any 
higher taxon that has left an extensive fossil 
record, we can observe long-term evolutionary 
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order of swimming mollusks with coiled shells, 
meet both requirements. As Figure 5-14 indi- 
cates, few ammonoid genera found in any stage of 
the Mesozoic erathem are also found in the next 
stage—and yet these genera are usually suc- 
ceeded by a large number of new ones. Thus the 
ammonoids experienced both a high rate of ex- 
tinction of genera and a high rate of formation of 
new genera. 


CONVERGENCE 


Convincing evidence that biological form is adap- 
tive is seen in instances of evolutionary con- 
vergence — that is to say, the evolution of similar 
forms in two or more different biological groups. 
This principle is strikingly illustrated by the simi- 
larity between many of the marsupial mammals of 
Australia and the other kinds of mammals that live 
in similar ways on other continents (Figure 5-15), 
Marsupial mammals, which carry their immature 
offspring in a pouch, are the products of a radia- 
tion that took place on this isolated island conti- 
nent during the Cenozoic Era. That this radiation 
has been adaptive is indicated by the fact that 
these marsupials have diverged from each other 
but simultaneously have converged, both in way of 
life and in body form, with one or more groups of 
placental mammals living elsewhere. (Nearly all 
nonmarsupial mammals are placentals. The 
strong similarities between many Australian mar- 
supial mammals and mammals of other regions 
must partially reflect the basic evolutionary limi- 
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FIGURE 5-15 Evolutionary convergence between 
marsupial mammals of Australia and nonmarsupial 
mammals of other continents. Each of the marsupials is 
more closely related to a kangaroo than to its counter- 
part in the other column. (After G. G. Simpson and W. S. 
Beck, Life, Harcourt, Brace ¢ World, Inc., New York, 
1965.) 


trends — general changes that developed over the 
course of millions of years. Some of these changes 
affected form, but others simply affected body 
size. 


Change of Body Size 


A general tendency for body size to increase dur- 
ing the evolution of a group of animals is known 
as Cope’s rule, after Edward Drinker Cope, a 
nineteenth-century American paleontologist who 
observed this phenomenon in his studies of an- 
cient vertebrate animals. 

Numerous factors may cause a group of ani- 
mals to become larger as the group evolves, but all 
have to do with the tendency of large individuals 
to produce more offspring than smaller ones. 
Within species in which males fight for females, 
for example, larger males tend to win battles and 
hence to produce a disproportionate number of 
offspring. Within other species, larger animals 
may survive to produce more offspring because 
they are better equipped to obtain food or to avoid 
predators. 

This evolutionary trend cannot continue in- 
definitely in any animal group, however, because 
at some point a further increase in body size will 
inevitably cease to be advantageous. A four- 
legged animal the size of a large building, for ex- 
ample, could not run or even stand, because its 
weight would greatly exceed the strength of its 
limbs. Indeed, many animals could not gather suf- 
ficient food or move efficiently if they were ap- 
preciably larger than they are. 

Given the fact that increases in body size are 
advantageous only within limits, the great number 
of animal groups that have evolved toward larger 
size seems to indicate that most animal orders and 
families have evolved from relatively small ances- 
tors. Large size tends to impose many adaptive 
problems for animals, and the specialized adapta- 
tions associated with these problems are not easily 
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early Cenozoic age that were small and rodent- 
like in their general form and adaptations. These 
small, relatively unspecialized forms easily 
evolved in a variety of directions, most of which 
led to larger animals. Elephants and manatees are 
among the largest. 


The Structure of Evolutionary Trends 


Trends in evolution occur on both small and large 
scales. A transition from one species to another, 
for example, represents a simple trend on a small 
scale. A large-scale trend is one that occurs within 
a branching limb of the "tree of life." Such a 
branching limb is known as a phylogeny. The 
change from the oldest known kind of horse to the 
modern horse represents a large-scale trend in 
the phylogeny of the horse family (Figure 5-17). 
The oldest known horse had four toes on each 
forefoot and three on each hind foot, had rela- 
tively simple molars, and was the size of a small 
dog. The modern horse, in contrast, has a single 
hoofed toe on each foot, has complex molars, and 
is a relatively large mammal. Many speciation 
events separated the ancestral kind of horse from 
the modern kind. Both the ancestral genus and the 
modern one have included several species, as have 
most intermediate genera, and so the transition 
from one kind to the other represents a complex, 
large-scale evolutionary trend. 

In considering the structure of evolutionary 
trends, we will focus first on simple trends that 
cause one species to be transformed into another 
by a single thread of evolution, and we will then 
examine complex trends involving many spe- 
cies — trends that consist of many threads of evo- 
lution and can thus be viewed as having a fabric. 

Some changes from one species to another 
have occurred in rapid steps of speciation, with 
the descendant species evolving from the parent 
species in a relatively short span of time. A proba- 
ble example is the axolotl, a species whose mem- 
bers remain aquatic throughout life (Figure 5-18). 
The axolotl evolved from a normal species of 
salamander — one that is still extant — which un- 
derwent metamorphosis from an aquatic juvenile 
to a terrestrial adult form. The axolotl becomes 
reproductively mature even though it retains the 
juvenile body form of its ancestors. The evolu- 
tionary transition that produced the axolotl was 
genetically simple. An axolotl that would normally 
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altered to produce entirely new adaptations. Thus 
large, highly specialized animals tend to represent 
evolutionary dead ends. 

Some of the problems associated with large 
size ean be seen in the physical adaptations of the 
elephant. An elephant has such a huge body to 
feed that it must spend most ofits time grinding up * 
coarse food with its molars. The need for constant 
chewing dictates that an elephant’s teeth and jaws 
must be quite large in relation to its overall size. 
The elephant’s head is therefore large as well — 
so large that the neck must be quite short to sup- 
port it (Figure 5-16). To compensate for their 
consequent short reach, members of the elephant 
family evolved an enormous trunk from an origi- 
nally short nose, together with long tusks from 
originally shortteeth. These and other unusual fea- 
tures make it unlikely that modern elephants will 
ever evolve into very different types of animals. 

Manatees (or sea cows), which are blubbery 
ocean swimmers, are relatives of the elephants 
(Figure 5-16). Like elephants, manatees are 
highly specialized animals with limited potential 
to give rise to substantially different types of ani- 
mals. The two groups share common ancestors of 





FIGURE 5-16 The elephant and the manatee. These 
animal groups differ in form but have a common ances- 
try within the class Mammalia. 
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lotl probably spread throughout a single popula- 
tion of the ancestral species. In this respect, how- 
ever, the axolotl appears to be unusual, because 
most species that form rapidly from a small ances- 
tral population do not evolve by means of just one 
genetic change; it appears that several such 
changes are often entailed. 

Other species have evolved slowly by the 
gradual transformation of an entire species — that 
is to say, an entire species has changed sufficiently 
in the eourse of many generations to be regarded 
as a new speeies. Figure 5-19 illustrates this type 
of evolutionary ehange in a group of coiled oysters 
during the Jurassic Period. Recall that the “‘disap- 
pearance" of a spccies because of evolutionary 
ehange is termed pseudoextinction (p. 112). 

Like many biologists and paleontologists of 
the twentieth eentury, Darwin believed that 
gradual trends such as that of the coiled Jurassic 
oysters produced most large-scale cvolutionary 
trends, including those involved in the origin of 
the modern horse (Figure 5-17). Reeently, how- 
ever, it has been suggested that gradual trends 
sueh as those evident in the evolution of the Juras- 
sic coiled oysters are relatively rare. Oysters are 
bivalve mollusks, and more than 300 species of 
bivalve mollusks have been identified from Juras- 
sic rocks of Europe -— yet very few of these spe- 
cies exhibit gradual trends like the one illustrated 
in Figure 5-19. In fact, it is estimated that an aver- 
age bivalve spccies living in Europe during the 
Jurassic Period existed without appreciable 
change for about 15 million years, or for about 
one-quarter of the entire Jurassic Period. 

Many other animals and plant species have 
also survived for long geologic intervals. Benthic 
foraminifera, for example, are estimated to have 
survived for 30 million years; diatoms (p. 43), 25 
million years; mosses and their relatives, more 
than 15 million years; seed-bearing plant species, 
6 million years; freshwater fishes, 6 million years; 
beetles, more than 2 million years; and mammals, 
about 2 million years. These estimates, which rep- 
resent a wide variety of living things, suggest that 
most species evolve very slowly; they indicate that 
an average animal or plant species is not likely to 
evolve sufficiently to be regarded as a new species 
even after it has passed through about a million 
generations. For comparison, note that the oyster 
species shown in Figure 5-19 changed enough to 
be regarded as new species within 2 to 4 million 
years; even though an individual oyster became 
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FIGURE 5-18 Aquatic and terrestrial amphibians. 

A. The axolotl, which lives its entire life in fresh water. 
B and C. Two stages in the ontogeny of a typical sala- 
mander. The aquatic larval stage (B) closely resem- 

bles the adult axolotl, which in effect never grows up. 
(A. After J. Z. Young, Life of Vertebrates, Oxford Univer- 
sity Press, London, 1962. B and C. Courtesy of H. Spenser.) 


remain aquatic throughout life can be artificially 
forced to metamorphose into a terrestrial animal if 
it is injected with thyroxine, a substance normally 
produced by the thyroid gland but missing in the 
axolotl. It thus appears that the axolotl was pro- 
duced by a speciation event consisting of a simple 
genetic change that impeded the normal develop- 
ment of the thyroid gland. This change probably 
occurred quite rapidly on a geologic scale of time. 
The simple genetic change that produced the axo- 
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According to the traditional, gradualistic 
model of evolution, most evolutionary change 
takes place in small steps within well-established 
species. The very slow rate of evolution that char- 
acterizes many well-established species has led 
some paleontologists to oppose the gradualistic 
model. These paleontologists conclude that most 
evolution must be associated with speciation — 
that is, with the rapid evolution of new species 
from others. This is the punctuational model of 
evolution. Another line of evidence cited in favor 
of this idea is the evolutionary history that typifies 
long, narrow segments of phylogeny —segments 
that undergo little branching but span long inter- 
vals of geologic time. If speciation were indeed 
the site of most evolution, such segments of phy- 
logeny would be expected to exhibit little evolu- 
tion for the simple reason that they have experi- 
enced very little speciation. This is exactly the 
pattern exhibited by the bowfin fishes (Figure 
5-20), a group that has experienced very little 
speciation and very little evolution during the last 
60 million years. The single living bowfin species 
so closely resembles those of early Cenozoic time 
that it has been labeled a living fossil. As it turns 
out, all of the living species that we know to be at 
the end oflong, narrow segments of phylogeny are 
living fossils. Among other living fossils are the 
alligator, the snapping turtle, and the aardvark 
(Figure 5-21). A well-publicized living-fossil 
plant is the dawn redwood, which was thought to 
be extinct until it was discovered living in a small 
area of China in the 1940s. 

Even when individual species have evolved 
slowly, large-scale trends have sometimes devel- 
oped through steps of change in particular evolu- 
tionary directions that have led to distinctive new 
species. Trends have also developed when species 
of one type have survived for long intervals while 
related species of other types have suffered high 
rates of extinction. The result has been a shift in 
the biological composition of the genus or family 
to which the species have belonged. 

Bear in mind that although the fossil record is 
not complete enough to reveal the patterns of 
many evolutionary trends, it does demonstrate 
that such trends have occurred: It shows that cer- 
tain ancient groups of animals or plants were the 
ancestors of certain modern forms. If we had no 
fossil record, we would know almost nothing 
about large-scale evolutionary trends. In fact, in 
the absence of a fossil record, the idea that large- 
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FIGURE 5-19 An apparently gradual trend in a lin- 
eage of coiled oysters of the genus Gryphaea during an 
Early Jurassic interval of about 12 million years. During 
the interval shown here, the shell became larger, attain- 
ing the diameter of a small saucer, but it also became 
thinner and flatter. These animals rested on the seafloor 
in the orientation labeled “life position." Perhaps the 
flatter shell was more stable against potentially disrup- 
tive water movements. (After A. Hallam, Philos. Trans. 
Roy. Soc. London 254B:91- 128, 1968.) 


reproductively mature in 2 or 5 years, evolution 
required a million generations or so to produce a 
new species. All of these longevities must be 
viewed in the light of the length of time it has 
taken for new higher taxa of the same group to 
develop. Recall that early in the Cenozoic Era, 
whales evolved from vastly different small, ro- 
dentlike mammals in no more than 12 million 
years. A typical survival time of 2 million years for 
a single mammal species seems quite sizable in 


comparison. 
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FIGURE 5-21 The aardvark, a living fossil and the 
only existing species of the order of mammals to which 
it belongs. Sinee the beginning of the Miocene Epoch 
more than 20 million years ago, very few aardvark spe- 
cies have lived at any time. During this interval, aard- 


varks have evolved very little. (Silvestris Photoservice/ 
NHPA.) 


The Irreversibility of Evolution 


An evolutionary trend that has resulted from at 
least several genetic changes is highly unlikely to 
be reversed by subsequent evolution. This princi- 
ple is called Dollo's law, for Louis Dollo, the Bel- 
gian paleontologist who proposed it early in the 
twentieth century. Dollo's law reflects the fact 
that itis extremely unlikely that along sequence of 
genetic changes in a population will be repeated 
in reverse order. Thus evolution occasionally pro- 
duces a species of animals or plants that crudcly 
resembles an ancestor, but it never perfectly du- 
plicates a species that has disappeared. In other 
words, once a species has been changed by evolu- 
tion or eliminated by extinction, itis gone forever. 


CHAPTER SUMMARY 


] Several lines of evidence convinced Charles 
Darwin that organic evolution produced the mul- 
titudinous species that inhabit the modern world. 
Among these pieces of evidence were: 


The restriction of many closely related groups 
of species to discrete geographic regions sepa- 
rated by barriers. 
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FIGURE 5-20 Living and fossil bowfin fishes. The liv- 
ing bowfin, Amia calva, is the product of a long history 
in which there has been little speciation (branehing) and 
also little evolutionary change. Amia grows to a length 
of more than a meter (~3 feet). (After J. R. Boreske, Mu- 
seum of Compar. Zool. Bull. 146:1-87, 1974.) 


scale trends occurred at all would perhaps remain 
controversial among scientists. The argument that 
modern forms of life evolved from quite different 
ancient forms could then be based only on the 
less direct evidence provided by species of the 
present world (evidence such as that described on 
pp. 103-111). 
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10 Long-term evolutionary trends are evolution- 
ary changes that have developed in the course of 
millions of years. Such trends can develop in many 
ways, and the relative importance of these ways 
depends on what percentage of evolutionary 
change is associated with rapid speciation events 
and what percentage is represented by the grad- 
ual transformation of well-established species. 


EXERCISES 


] What geographic patterns suggested to Charles 
Darwin that certain kinds of species descended 
from others? 


2 What characteristics make a particular kind of 
individual successful in the process of natural 
selection? 


3 What conditions make it likely that a small 
group of closely related species will increase to 
a large number of species by means of rapid 
speciation? 


4 How can evolution proceed by a change in the 
growth and development of a species? 


5 In what wayscanan evolutionary trend develop 
during the history of a genus or a family? 


6 What kinds of environmental change can lead to 
the extinction of a species? 


7 How is pseudoextinction related to gradual 
evolutionary change? 


8 Give an example of evolutionary convergence. 
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Stanley, S. M., The New Evolutionary Timetable: 
Fossils, Genes, and the Origin of Species, Basic 
Books, Inc., New York, 1981. 
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Darwinism,” Scientific American, July 1985. 


Embryological similarities between groups of 
animals that are dissimilar as adults. 


The presence of similar anatomical “ground 
plans" in animals that live in quite different ways. 


The existence in certain animals of vestigial 
organs that serve no apparent function but resem- 
ble functioning organs in other species. 


The ability of humans to alter domestic animals 
and cultivated plants by artificial selection in 
breeding. 


2 Natural selection is a process in which certain 
kinds of individuals become more numerous in a 
population because they produce an unusually 
large proportion of the total offspring. They man- 
age to do so either by surviving a long time or by 
reproducing at a high rate. 


3 The variability that is the basis of natural selec- 
tion is generated by two mechanisms: genetic mu- 
tation and the generation of new gene combina- 
tions by sexual reproduction. 


4 Speciation is the process by which an existing 
species gives rise to an additional species; it is 
believed that, in most cases, the population that 
becomes the new species is geographically iso- 
lated from the remainder of the parent species. 


5 Extinction is the dying out of a species. The 
most important agents of extinction are the eco- 
logical factors that normally govern the sizes of 
populations in nature. Pseudoextinction is the dis- 
appearance of a species through its evolutionary 
transformation into another species. 


6 Mass extinction is the disappearance of many 
species during a geologically brief interval of 
time. 


7 Adaptive radiation is the proliferation of many 
species from a small ancestral group. Adaptive ra- 
diation has usually followed new access to ecolog- 
ical opportunities. 


8 Under normal circumstances, the rates of spe- 
ciation and extinction among groups of animals 
and plants vary greatly. 


9 One of the most convincing kinds of evidence 
that evolutionary changes are adaptive is evolu- 
tionary convergence, or the evolution within two 
or more higher taxa of species that resemble one 
another in form and also live in the same way. 
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MOVEMENTS OF 
EARTH 


he most exciting development in the science of geology during 

the twentieth century has been the theory of plate tectonics. 
According to this theory, plates of lithosphere form from Earth's 
mantle and ascend along midocean ridges, slide laterally over the 
surface of the planet, and descend into the mantle once again. Many 
plates carry continents with them; the materials that compose conti- 
nents are of low density, however, and do not descend into the 
mantle. Movements and interactions of plates deform Earth's crust 
on a vast scale. They also cause magma to rise through the upper 
mantle to form igneous rocks on and within the overlying crust. 

On continents, mountain ranges are the colossal products oi 
plate motions. Most mountains have formed where two continents on 
separate plates have collided or where one plate has descended 
beneath a continent situated on the edge of another plate. Continents 
grow laterally when mountains rise up along their margins, and they 
break apart when spreading ridges transect them, producing oceans 
such as the modern Atlantic. 
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This complex fold in Israel was produced by mountain-building processes. 
(Geological Survey of Israel.) 
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tive. Many of the kinds of rock deformation dis- 
cussed in Appendix II also result from the move- 
ments of plates. 


THE HISTORY OF OPINION 
ABOUT CONTINENTAL DRIFT 


When the concept of plate tectonics emerged 
quite suddenly in the 1960s, it resolved many 
longstanding disputes. For many years, the idea 
that continents move horizontally over Earth's 
surface, an idea labeled continental drift, failed to 
receive general support in Europe or North 
America. In 1944 one prominent geologist went 
so far as to assert that the idca of continental drift 
should be abandoned outright because "further 
discussion of it merely encumbers the literature 
and befogs the minds of students." Although 
many geologists may not have read this comment, 
most agreed with its spirit, and during the 1950s, 
little attention was given to the possibility that 
continental drift was a real phenomenon. 

When the idea of continental drift first 
emerged earlier in the twentieth century, it at- 
tracted considerable attention, primarily as a re- 
sult of the arguments of two scientists — Alfred 


1 emergence of the theory of plate tectonics 
during the 1960s fostered a revolution in the 
science of geology. Tectonics is a term that has 
long been used to describe movements of Earth’s 
crust. Accordingly, plate tectonics refers to the 
movements of discrete segments of Earth’s crust 
in relation to one another. Whereas continents 
were once thought to be locked in place by the 
oceanic crust that surrounds them, the theory of 
plate tectonics holds that continents move over 
the surface of Earth because they form parts of 
moving plates (Figure 6-1). Moreover, continents 
occasionally break apart or, alternatively, fuse to- 
gether to form larger continents. The theory of 
plate tectonics explains why most volcanoes and 
earthquakes occur along curved belts of seafloor, 
why mountain belts tend to develop along the 
edges of continents, and why the present ocean 
basins are very young from a geologic perspec- 


The San Andreas Fault in California is a great break 
within Earth’s lithosphere separating large segments, or 
plates, of the lithosphere. The Pacific plate is on the 
left, and the North American plate is on the right. The 
Pacific plate periodically slides northwestward in rela- 
tion to the North American plate. (R. E. Wallace, U.S. 


Geological Survey.) 
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cussed later in the chapter). The locations of volcanoes 
are also indicated; most lie near subduction zones or 
ridges. (F. Press and R. Siever, Earth, W. H. Freeman 
and Company, New York, 1986.) 


More traditional geologists clung to the idea 
that large blocks of continental crust could not 
move over Earth’s surface. Thus, when the distri- 
bution of certain living and extinct animals and 
plants began to suggest former connections be- 
tween landmasses now separated, most geologists 
tended to assume that great corridors of felsic rock 
(the most abundant material in continental crust) 
had once formed land bridges that connected con- 
tinents but later subsided to form portions of the 
modern seafloor. Today it is recognized that this 
scenario is not realistic, because felsic crust is 
of such low density that it cannot possibly sink 
into the mafic rocks that underlie the oceans. 
Nonetheless, many prominent geologists of the 
late nineteenth century presented schemes of 
Earth history that included the concept of felsic 
corridors. 

One phenomenon that led scientists to specu- 
late about ancient land bridges was the similarity 
between the fauna ofthe island of Madagascar and 
that of India, a land that is separated from Mada- 


130 PART III Movements of Earth 


Mauna Loa 
Kilauea 


Pacific plate 


Pace iet Ocean 


- = - — سس — — 


FIGURE 6-1 The distribution of lithospheric plates 
over Earth’s surface. There are eight large plates and 
several small ones on Earth today. The three kinds of 
plate boundaries — subduction zones, ridge axes, and 
transform faults — are shown here (they will be dis- 


Wegener of Germany and Alexander du Toit of 
South Africa. We will briefly examine the case that 
these two men and their followers made and the 
reasons their arguments were rejected by most of 
their contemporaries. 


Early Evidence 


The observation that the coasts on the two sides of 
the Atlantic Ocean fit together like separated 
parts of a jigsaw puzzle (Figure 6-2) constituted 
the first evidence that continents might once have 
broken apart and moved across Earth's surface. 
Centuries ago, map readers noted with curiosity 
that the outline of the west coast of Africa seemed 
to match that ofthe east coast of South America. It 
was notuntil 1858, however, that Antonio Snider- 
Pellegrini, a Frenchman, published a book sug- 
gesting that a great continent had once broken 
apart and that the Atlantic Ocean had been 
formed by powerful forces within Earth. 
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America were found to contain a group of fossil 
plants that were collectively designated the Glos- 
sopteris flora, after their most conspicuous genus, 
a variety of seed fern (Figure 6-3). After the turn 
of the century, the Glossopteris flora was discov- 
ered in Antarctica as well. The occurrence of this 
fossil flora on widely separated landmasses was 
one of the facts that led Eduard Suess to suggest 
that land bridges had once connected all of these 
continents. Suess introduced the name Gondwa- 
naland (Gondwana-Land, in his spelling) to con- 
note the hypothetical continent that consisted of 
these landmasses and the land bridges that he be- 
lieved to have connected them. (Gondwana is a 
region of India where seams of coal yield fossils of 
the Glossopteris flora.) 

Then in 1908 the American geologist Frank B. 
Taylor proposed a new explanation for the con- 
nection of ancient landmasses. In essence, Taylor 
hypothesized that the continents had once lain 
side by side as components of very large land- 
masses that eventually broke apart and moved 
across Earth's surface to their present positions. 
This general idea is central to modern plate- 
tectonics theory, although the particulars of Tay- 
lor's scheme are no longer accepted. 
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FIGURE 6-3 A fossil Glossopteris leaf from the 

Permian of India. The leaf is about 12 centimeters 
(5 inches) long. (Jim Frazier/Mantis Wildlife Films 
Pty Ltd.) 
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FIGURE 6-2 Computer-generated “best-fit? union of 
continents that now lie on opposite sides of the Atlantic. 
This fit was calculated by Sir Edward Bullard and his co- 
workers at the University of Cambridge. The fit was 
made along the 500-fathom line of each continental 
slope. Overlaps of continental margins are shown in 
black. Gaps between margins are shown in color. 

(After P. M. Hurley, Scientific American, April 1968.) 


gascar by nearly 4000 kilometers (~2500 miles) 
of ocean. Madagascar's mammals are primitive; 
altogether missing are the zebras, lions, leopards, 
gazelles, apes, rhinoceroses, giraffes, and ele- 
phants that inhabit nearby Africa. In contrast, 
some of the native animals of India closely resem- 
ble those of Madagascar. Neumayr and Suess con- 
sequently believed that a now-sunken land bridge 
had once spanned the western part of the Indian 
Ocean, connecting Madagascar to India. 

A second line of evidence for ancient land 
connections was found in the fossil record. During 
the nineteenth century, late Paleozoic coal de- 
posits of India, South Africa, Australia, and South 
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FIGURE 6-5 Alfred Wegener's reconstruction of the 
map of the world for three past times. Africa is placed 
in its present position as a point of reference. Heavy 
shading represents shallow seas. Wegener erred in sug- 
gesting that Pangaea, the supercontinent shown in the 
upper map, did not break apart until the Cenozoic Era 
(lower two maps). (After A. Wegener, Die Entstehung 
der Kontinents und Ozeane, Friedrich Vieweg und Sohn, 
Brunswick, Germany, 1915.) 
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FIGURE 6-4 Artist's representation of the Mid- 
Atlantic Ridge in the North Atlantic region. Trans- 
form faults are conspicuous features oriented at right 
angles to the ridge axis; some of them offset the ridge 
slightly. (Painting by Heinrich C. Berann; Bruce C. 
Heezen and Marie Tharp, World Ocean Floor, 1977, 
O Marie Tharp.) 
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One of Taylor's most significant contributions 
was his suggestion that the immense submarine 
mountain chain now called the Mid-Atlantic 
Ridge, which is one of several midocean ridges of 
the present-day seafloor, marks the line along 
which one ancient landmass ruptured to form the 
Atlantic Ocean (Figure 6-4). 


A Twentieth-Century Pioneer: 
Alfred Wegener 


In 1915 Alfred Wegener, a German meteorolo- 
gist, presented evidence that virtually all of the 
large continental areas of the modern world were 
united late in the Paleozoic Era as a single super- 
continent, which he labeled Pangaea. The idea 
that Pangaea existed has been revived with the 
rise of modern plate-tectonics theory, and to- 
day nearly all professional geologists accept it as 
fact —although, as we will see, they recognize 
major errors in Wegener's proposed chronology 
for the fragmentation of this supercontinent (Fig- 
ure 6-5). Wegener reasoned that Pangaea had 
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for example, was found to be restricted to the 
southern tips of South America and Africa, which 
lay close together in Wegener's Gondwanaland 
reconstruction. Another genus was encountered 
only in southern India and southern Australia. 

The evidence ofthe fossil record seemed even 
more compelling. Wegener plotted a map repre- 
senting the earlier suggestion that the southern 
continents once formed a large landmass, most of 
which had sunk to become the floors of the South 
Atlantic, Indian, and South Pacific oceans. Wege- 
ner's map of this mythical landmass is quite strik- 
ing. Especially when he added to this map the 
locations of the Glossopteris flora (Figure 6-3), the 
Gondwanaland continents seemed naturally to 
belong not where they are today but in a tight 
cluster (Figure 6-6). Twenty of the twenty-seven 
species of land plants recognized within the Glos- 
sopteris flora of Antarctica, for example, have 
been found as far away as India. It might be sug- 
gested that winds could have spread the plants this 
far by carrying their seeds, but in fact the seeds of 
the genus Glossopteris are several millimeters in 
diameter — much too large to have been blown 
across wide oceans. 

Animal fossils also played a role in the debate 
that resulted from Wegener's work. Du Toit 
noted, for example, that fossils of the reptile Meso- 
saurus (Figure 6-7) occurred at cr near the posi- 
tion of the Carboniferous-Permian boundary in 
both Brazil and South Africa. On both continents, 
fossils of Mesosaurus occur in dark shales along 








FIGURE 6-7 Mesosaurus, a 
small Early Permian reptile 
found in freshwater deposits in 
both South Africa and southern 
Brazil. The animal was about 
0.6 meter (~2 feet) long. (After 
H. F. Osborn, in A. S. Romer, 
Proc. Amer. Philos. Soc., 1968, 
pp. 335 - 343.) 


broken apart and that the fragments had drifted 
about. He cited the great rift valleys of Africa as 
possible newly forming or failed rifts. Wegener's 
insight was again correct. As we will see, the Afri- 
can rift valleys are now regarded as instances of 
continental rifting at an early stage. 

Wegener supported his theory with several 
additional arguments. He noted numerous geo- 
logic similarities between eastern South America 
and western Africa, for example, and he also called 
attention to the many similarities between the fos- 
sil biotas of these two widely separated conti- 
nents. Severalextinct groups of animals and plants 
had been found in the fossil records of two or more 
Gondwanaland continents, and this led Wegener 
to argue that these continents must once have lain 
close together. Even living animal and plant 
groups were shown to exhibit a “Gondwanaland” 
pattern: A number of individual species were 
found to be widely distributed among the south- 
ern continents. 

Wegener’s arguments were more fully devel- 
oped by the South African geologist Alexander du 
Toit. Du Toit and others introduced a wealth of 
circumstantial evidence in support of the idea of 
continental drift — evidence that was publicized 
both before Wegener's untimely death in 1930 
and during the three decades of controversy that 
followed. 

Among the groups of living animals that 
seemed to support the concept of Gondwanaland 
were the earthworms. One genus of earthworm, 





Land Sea Glossopteris flora 


FIGURE 6-6 Distribution of land and seas during the 
Carboniferous Pcriod as perceived by Alfred Wege- 
ner's predecessors, who believcd that large areas of the 
present-day ocean floor then stood above sea level. The 
distribution of the Glossopteris flora strengthens the op- 
posing idea that the Gondwanaland continents were 
once united. 


Gondwana sequence, which occurs with remark- 
able similarity in South America, South Africa, 
India, and Antarctica. 

The Gondwana sequence of Brazil bears an 
uncanny resemblance to the Karroo of South 
Africa. At the bases of both sequences (Figure 6-8) 
are glacial tillites that are coarsest at the base and 
alternate with interglacial sediments, including 
coals, that yield members of the Glossopteris flora. 
As in South Africa, Mesosaurus is found near the 
base of the Permian in dark shales. Tillites occur 
only as high as the lowermost Permian, but some 
members of the Glossopteris flora persist into the 
Upper Permian. Much of the Triassic record con- 
sists of dune deposits known as the Botacatu Sand- 
stone, which, like similar dune deposits of South 
Africa, are succeeded by Jurassic lava flows. Ant- 
arctica and India display Gondwana sequences 
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with fossil insects and crustaceans. Mesosaurus oc- 
cupied freshwater and perhaps brackish habitats, 
and most paleontologists found it difficult to 
imagine that the animal had somehow made its 
way across an ocean as broad as the present Atlan- 
tic and had then found freshwater depositional 
settings that were nearly identical to its former 
habitat. 


The Gondwana Sequence 


The general stratigraphic context in which the 
Glossopteris flora and Mesosaurus are encoun- 
tered offered further evidence supporting the ex- 
istence of Gondwanaland. Specifically, Carbon- 
iferous and Permian rock units that yield the 
Glossopteris flora form what is known as the 
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sopteris flora. (Modified from G. A. Duamani and W. E. 
Long, Scientific American, September 1962.) 


FIGURE 6-8 Correlation of the Gondwana sequences 
of four continents. In each sequence, glacial tillites are 
followed by shales and coal beds containing the Glos- 
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FIGURE 6-10 Alexander du Toit's reconstruction of 
Gondwanaland. The short lines indicate regional strikes 
of folds and faults that align well when the continents 
are assembled to form Gondwanaland. The Andes moun- 
tain chain of South America aligns with mountain sys- 
tems of South Africa, Antarctica, and Australia to form 
what du Toit labeled the Samfrau mountain belt of 
Gondwanaland. (After A. L. du Toit, The Geology of 
South Africa, Oliver & Boyd Ltd., Edinburgh, 1937.) 


America, Africa, and Australia. At the same time, 
du Toit expanded on Wegener's observation that 
the ancient geologic features of these now- 
separate continents would match when the con- 
tinents were placed in their Gondwanaland 
positions. Du Toit’s plot of these structural 
trends — including, regional trends of folds and 
faults — is shown in Figure 6-10. 


The Rejection of Continental Drift 


Despite mounting evidence favoring Wegener's 
and du Toit's ideas, geologists of the Northern 
Hemisphere continued to view the theory of con- 
tinental drift with considerable skepticism. The 
primary source of their dissatisfaction lay in the 
seeming absence of a demonstrated mechanism by 
which continents could move over long distances. 
Geophysicists knew that both continental crust 
and oceanic crust were continuous above the 
Mohorovičić (or Moho) discontinuity and hence 
they could not imagine how continents could be 
made to move laterally — to plow through oceanic 
crust (Figure 6-11). In addition, some fossil evi- 
dence seemed to contradict the notion of conti- 
nental drift. Specifically, Wegener had suggested 


very similar to those of South Africa and South 
America (Figure 6-8). 

Du Toit and other followers of Wegener 
sought further evidence of ancient land connec- 
tions in the Gondwana glacial deposits. They mea- 
sured the orientations of features scoured into un- 
derlying bedrock by glaciers and found very 
interesting patterns (Figure 6-9). They discov- 
ered, for instance, that glacial movement in east- 
ern South America was primarily from the south- 
east, where today no landmass exists that might 
support large glaciers. In southern Australia, too, 
there was evidence of glacial flow from the south, 
where there is now only ocean. Obviously, it 
would not be at all difficult to account for such 
movement if the continents had been united as 
Gondwanaland at the time the glaciers were flow- 
ing. Ice flow would then have radiated from the 
center of a large continent that might be expected 
to support large glaciers under cold climatic 
conditions. 

Du Toit correctly deduced from geologic evi- 
dence that Pangaea did not form until late in the 
Paleozoic Era. Before Pangaea was formed, Gond- 
wanaland existed as a distinct supercontinent, and 
the northern continents were united as a second 
supercontinent called Laurasia. 

Du Toit also recognized that if South America, 
Antarctica, and Australia were assembled as 
Gondwanaland, the mountain belts along their 
margins would line up. To this rugged feature of 
Gondwanaland du Toit gave the name Samfrau, 
which he derived from letters of the names South 
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FIGURE 6-9 Locations of late Paleozoic glaciation 
and the directions in which glaciers flowed. (After A. 
Holmes, Principles of Physical Geology, The Ronald Press 
Company, New York, 1965.) 
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to have allowed biotas to diverge greatly; instead, 
continents have been relatively widely dispersed 
since the very beginning of this era. 

Faced with so many apparent problems, the 
idea of continental drift remained highly unpopu- 
lar in the United States and Europe for decades. 

Ironically, after new data supporting plate 
tectonics had finally brought continental drift into 
favor, an exciting fossil find was made in Antarc- 
tica. This was the discovery in 1969 of the genus 
Lystrosaurus, an animal classified as a member of 
the mammal-like reptile group, which will be de- 
scribed in Chapter 13. Lystrosaurus was a heavy- 
set herbivorous animal with beaklike jaws (Figure 
6-12). One has to wonder whether an earlier dis- 
covery of Lystrosaurus fossils might have revived 
enthusiasm for continental drift before the advent 
of plate-tectonics theory. 


The Puzzle of Paleomagnetism 


Interest in continental movements was renewed 
in the late 1950s as a result of new.evidence de- 
rived from paleomagnetism — or the magnetiza- 
tion of ancient rocks at the time of their formation. 
We have already seen how Earth's magnetic field 
has reversed its polarity on many occasions. Dur- 
ing the 1950s, geophysicists attempted to ascer- 
tain whether the north and south magnetic poles 
not only reversed their positions but also wan- 
dered about periodically. To explore this possibil- 
ity, these researchers attempted to determine the 
previous positions of the magnetic poles by using 
magnetized rocks as compasses for the past. 

As we learned in Chapter 4, a magnetic field 
frozen into a rock is similar to the magnetic field 
that is "read" by a compass. The angle that a com- 
pass needle makes with the line running to the 
geographic north pole is called the declination. 
Today the magnetic pole lies about 15? from the 
geographic pole, so the declination is small (Fig- 
ure 6-13). A compass needle not only points at the 
north magnetic pole but, if allowed to tilt in a 
vertical plane, also dips at a particular angle. As 
Figure 6-13 shows, the dip of a compass needle 
varies with the distance of the compass from the 
magnetic pole. The dip is lowest near the equator, 
where the lines of force of Earth's magnetic field 
intersect Earth's surface at a low angle. 

Paleomagnetism in a rock also has both a dec- 
lination and a dip, which serve to indicate the 
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FIGURE 6-11 Cross section of Earth’s crust showing 
the rigid oceanic crust that separates the continents. 
The Moho is the discontinuity between the crust and 
the mantle. 
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a brief timetable for drift in which he proposed 
that Pangaea, which incorporated virtually all the 
modern continents, had survived into the Ceno- 
zoic Era (Figure 6-5). Thus paleontologists looked 
for evidence that the world’s biotas had evolved 
into increasingly distinctive geographic group- 
ings since the start of the Cenozoic Era. However, 
no such evidence was found. 

We now know that Wegener made a dating 
error that misled paleontologists of his time. The 
rifting of Pangaea had actually begun near the 
start of the Mesozoic Era—much earlier than 
Wegener believed. Continents could not have 
moved far enough during the brief Cenozoic Era 





FIGURE 6-12 Lystrosaurus, the mammal-like reptile 
now known from Antarctica as well as from Africa and 
southeast Asia. Lystrosaurus was a herbivorous animal 
about a meter (3 feet) long, with short legs, beaklike 
jaws, and a pair of short tusks. (Painting by Mark Hallett.) 
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apparent direction of the north magnetic pole at 
the time when the rock was first magnetized, as 
well as the distance between the rock and the 
pole. It is important to understand, however, that 
neither a compass needle nor the magnetism of a 
rock reveals anything about longitude (position in 
an east-west direction). 

When geologists first began to measure rock 
magnetism, they found that recently magnetized 
rocks exhibited a magnetism that was consistent 
with Earth’s current magnetic field. The magne- 
tism in older rocks, however, had different orien- 
tations. As data accumulated, it began to appear 
that Earth’s magnetic pole had wandered. A plot 
of the pole’s apparent positions, indicated by 
rocks of various ages in North America and in Eu- 
rope, showed that the pole seemed to have moved 
to its present position from much farther south, in 
the Pacific Ocean. However, another striking fact 
emerged to cast doubt on this hypothesis. The 
path obtained from European rocks differed in 
detail from that obtained from North American 
rocks (Figure 6-14A). It was recognized that this 
pattern might actually reflect a history in which 
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cide, suggesting that the continents were united during 
the Paleozoic Era. The timc-rock units represented are 
Cretaceous (K), Triassic (Tr), Upper Triassic (Tru), 
Lower Triassic (Trl), Permian (P), Upper Carbonifer- 
ous (Cu), Siluro-Devonian (S-D), Silurian to Lower 
Carboniferous (S-Cl), and Cambrian (C). (After M. W. 
McElhinny, Paleomagnetism and Plate Tectonics, Cam- 
bridge University Press, London, 1973.) 
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FIGURE 6-13 The structure of Earth’s magnetic field. 
The core has north and south poles and thus behaves 
like a bar magnet. The north-south axis has a declination 
of 15° from Earth’s north-south geographic axis. Curved 
lines represent magnetic lines of force. These lines of 
force have high dips near the poles and low dips near 
the equator. 
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FIGURE 6-14 Apparent polar-wander paths for North 
America (circles) and Europe (squares). A. Plot of 
polar-wander paths based on the assumption that the 
continents have remained in their present positions. 
B. Plot for North America and Europe juxtaposed, as 
postulated for Paleozoic time by Wegener and his fol- 
lowers. Here the Paleozoic and Mesozoic apparent 
polar-wander paths of the two continents nearly coin- 


conventional (he labeled his contribution "geo- 
poetry"), but the manner in which he compiled 
his facts exemplifies the way geologists assemble 
circumstantial evidence to construct theories. In 
the following summary of Hess's paper, the criti- 
cal facts and inferences appear in italics. 

During World War II, Hess commanded an 
American naval vessel in the Pacific, and he seized 
upon this opportunity to pursue his geologic in- 
terests. In order to study the configuration of the 
ocean floor, for example, Hess kept his ship's 
echo-sounding equipment operating for long 
stretches of time. While profiling the bottom in 
this way, he discovered curious flat-topped sea- 
mounts rising from the floor of the deep sea, and 
he named them guyots after the nineteenth- 
century geographer Arnold Guyot. On the basis of 
their size and shape, Hess concluded that guyots 
were volcanic islands that had been eroded by the 
action of waves near sea level. Two decades later, 
shallow-water fossils of Cretaceous age were re- 
covered from the tops of some guyots, proving 
that the guyots had indeed once stood near sea 
level. How the ocean floor on which they sat had 
subsided to such great depths, however, remained 
a mystery. 

Another piece of evidence that Hess pon- 
dered was the apparent youth of the ocean basins. 
At the time, it was estimated that sediment was 
being deposited in the deep sea at arate of about 1 
centimeter (—$ inch) per thousand years — but at 
this rate, 4 billion years of Earth history would 
theoretically produce a layer of deep-sea sedi- 
ment 40 kilomcters (—25 miles) thiek. In fact, the 
average thickness of sediment in the deep sea today 
is only 1.8 kilometers (less than 1 mile). Thus, al- 
lowing for some compaction, Hess estimated that 
the layer of sediment existing in the deep sea repre- 
sented only about 260 million years of accumula- 
tion—a figure that might therefore approximate 
the average age of the seafloor. (Hess's calculation 
was of the right order of magnitude, but we now 
know that thc average age of the seafloor is even 
younger than 260 million years; in fact, little or 
none ofthe seafloor is as old as 200 million years.) 

Hess found support for the idea of a youthful 
seafloor in his observation that there are only 
about 10,000 volcanic seamounts (volcanie cones 
and guyots) in all the world's oceans. Hess knew 
that when a volcano has been eroded to the level at 
which waves can act on it, it withstands further 
erosion very effectively —and so he assumed that 
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the north pole did not wander at all; instead, as 
Wegener had suggested, the continents of Europe 
and North America might have moved in relation 
to the pole and to one another, carrying with them 
rocks that had been magnetized when the conti- 
nents were in different positions. This possibility 
led to the use of the cautious term apparent polar 
wander to describe the pathways that geophysi- 
cists plotted. 

Tests were conducted to examine the possibil- 
ity that continents rather than poles had moved. It 
was hypothesized, for example, that if North 
America and Europe had once been united and 
had drifted over Earth’s surface together, they 
should have developed identical paths of apparent 
polar wander during their joint voyages. The test, 
then, was to fit the outlines of North America and 
Europe together along the Mid-Atlantie Ridge to 
determine whether, with the continents in this 
position, their paths of apparent polar wander 
coincided. As Figure 6-14B shows, the apparent 
polar-wander paths of North America and Europe 
did coincide almost exactly for both Paleozoic and 
early Mesozoic time. This evidence strongly sug- 
gested that the continents had indeed drifted 
apart, carrying their magnetized rocks with them. 


THE RISE OF PLATE TECTONICS 


During the late 1950s, these new paleomagnetic 
data generated widespread discussion of conti- 
nental drift— especially in Great Britain, where 
many of the data had been assembled. Even so, 
most geologists continued to doubt the validity of 
continental movement. There were two reasons 
for this continuing skepticism: First, many paleo- 
magnetic measurements were known to be impre- 
cise; and second, the belief persisted that no natu- 
ral mechanism could move continents against 
oceanic crust. Then, in 1962, the American geolo- 
gist Harry H. Hess published a landmark paper 
proposing a novel solution to this problem. 


Seafloor Spreading 


In essence, Hess suggested that the felsic conti- 
nents had not plowed through the dense mafic 
crust of the ocean at all but that instead the entire 
crust had moved. Hess’s ideas were highly un- 
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FIGURE 6-15 Convective motion within the mantle 
as envisioned by Harry H. Hess. Midocean ridges form 
where the upward-flowing limbs of two adjacent con- 
vection cells approach the surface. (After H. H. Hess, in 
Petrologic Studies: A Volume in Honor of A. F. Budding- 
ton, Geol. Soc. Amer., 1962.) 


sures, must flow like a very thick liquid. As we 
have seen, the mantle is heated by the decay of 
radioactive isotopes within it and is cooled from 
above by loss of heat through the crust. Conse- 
quently, the upper part of the mantle, being cool, 
is more dense than the lower part and thustendsto 
sink while the lower part tends to rise. In a deep 
body of liquid, the result is convection, the same 
circular overturning movement that heat from the 
sun creates in Earth's atmosphere. Hess proposed 
that Earth's liquidlike mantle is divided into con- 
vective cells (Figure 6-15) whose low-density ma- 
terial forms crust as it rises and cools. This crust 
then bends laterally to become one flank of a ridge 
(Figure 6-16). The furrow down the center of many 
ridges could then be explained as the site at which 
newly formed crust separates and flows laterally in 
two directions. Similarly, volcanoes along mid- 
ocean ridges would represent the rapid escape of 
mantle material at certain sites, while the low ve- 
locity of earthquake waves passing through a ridge 
would result from the fact that the rocks of the ridge 
exist at a high temperature and are extensively 
fractured where they bend laterally to form the 
basaltic seafloor. 

How do the guyots that Hess discovered fit 
into this theory? According to his scheme, the 
seafloor adjacent to a midocean ridge (together 
with anything attached to this seafloor) moves lat- 
erally, away from the spreading center. The vol- 
canoes that frequently form along midocean 
ridges sometimes grow upward to sea level, as is 
the case with Ascension Island in the Atlantic. As a 


if the oceans were permanent features, their old- 
est volcanic seamounts should still be extant. 
Given the fact that there were only 10,000 vol- 
canic seamounts in modern oceans, Hess further 
reasoned that if the oceans were nearly as old as 
Earth — say, 4 billion years old — an average of 
only one volcano would have formed every 
400,000 years or so. The existence of so many 
obviously young volcanoes indicated to Hess that 
new volcanoes appear much more frequently — 
perhaps at a rate of one every 10,000 years. Thus 
the relatively small number of volcanic seamounts 
in modern oceans suggested. to Hess that current 
ocean basins are much younger than Earth. 

Like many earlier workers, Hess noted the 
central location ofthe Mid-Atlantic Ridge. He also 
noted that other midocean ridges tend to be cen- 
trally located within ocean basins. (A "best fit" 
restoration of continents along the Mid-Atlantic 
Ridge, calculated after Hess's paper was writ- 
ten, is shown in Figure 6-2.) Four other curious 
facts about these ridges seemed significant to 
Hess: 


] They are characterized by a high rate of upward 
heat flow from the mantle to neighboring segments 
of seafloor. 


2 Seismic waves from earthquakes move through 
the ridges at unusually low velocities. 


3 Along the crest of each ridge there is a deep 
furrow. 


4 Volcanoes frequently rise up from midocean 
ridges. 


Hess developed a hypothesis that seemed 
consistent with all of these observations. Essen- 
tially, he suggested that midocean ridges repre- 
sent narrow zones where oceanic crust forms as 
material from the mantle moves upward and un- 
dergoes chemical changes. Hess further main- 
tained that as this material rises, it carries heat 
from the mantle to the surface of the seafloor. The 
expanded condition of the warm, newly formiug 
crust thus accounts for the swollen condition of the 
crust there — that is, for the presence of a ridge. 

Hess then revived a geophysical concept that 
had been discussed by a number of earlier 
researchers — namely, the idea that material 
within Earth's mantle rotates by means of large- 
scale thermal convection. The material of the 
mantle, existing at high temperatures and pres- 





450 million years 


FIGURE 6-17 Hess's interpretation of the way a typi- 
cal guyot is formed. First, a volcano builds a cone along 
a midocean ridge. The cone initially stands partly above 
sea level, and its tip is later planed off by wave erosion 
(a). The resulting flat-topped structure moves laterally 
with the spreading crust and is carried gradually down- 
ward (b and c), because the newly formed crust beneath 
it cools and therefore shrinks as it moves away from the 
ridge. (After H. H. Hess, in Petrologic Studies: A Volume 
in Honor of A. F. Buddington, Geol. Soc. Amer., 1962.) 


tioned beneath a continent. Convective spreading 
should then rift the continent into two fragments 
and move them apart from the newly formed 
spreading center. New ocean floor should subse- 
quently form at the same rate on each side of the 
spreading center. Hess further maintained that 
the spreading center would continue to operate 
along the midline of the new oeean basin — and 
thus persist as a midocean ridge — as long as the 
conveetive eells remained in their new location. 
If oeeanic crust forms and flows laterally with- 
out an enormous change in thickness, however, it 
must disappear somewhcre. Hess postulated that 
it must be swallowed up again by the mantle along 
the great deep-sea trenehes that exist at certain 
places in the ocean floor (Figure 6-18). Movement 
of crust into the mantle along one side of a treneh 
provided a ready explanation for the fact that 
Earth's gravitational field here is unusually weak; 
the presence of low-density crustal rock in deep- 
sea trenches in place of dense mantle rock would 
be expected.to weaken the gravitational force ex- 
erted by Earth on objeets at or above its surface. 
Hess estimated that the formation of new crust 
along midocean ridges and the simultaneous disap- 
pearance of crust into the deep-sea trenches would 
produce an entirely new body of crust for the 
world's oceans every 300 or 400 million years. 
Hess's hypothesis of seafloor spreading had 
two great strengths. First, by asserting that conti- 
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FIGURE 6-16 Hess’s model of the structure of a mid- 
ocean ridge. Arrows show the flow of new crust derived 
from the convecting mantle. The newly formed crust 
carries heat from the mantle. This factor, along with 
fracturing of the rock as it bends laterally, results in low 
velocitics (shown in kilometers per second) for seismie 
waves passing through the ridge. The elevation of the 
ridge results from the hot, swollen condition of the 
newly formed crust. (After H. H. Hess, in Petrologic 
Studies: A Volume in Honor of A. F. Buddington, Geol. 
Soc. Amer., 1962.) 


volcano moves laterally from the ridge along with 
the crust on which it stands, it moves away from 
the source of its lava. It then becomes an inactive 
seamount, and its tip is quiekly planed off by ero- 
sion. The seafloor gradually deepens away from 
midoceanie ridges, beeause newly formed mate- 
rial of the crust cools and therefore shrinks as it 
moves laterally away from thc ridge. Thus a trun- 
cated seamount is gradually transported. out into 
deep water as if it were on a conveyor belt, and it 
then becomes a guyot (Figure 6-17). Assuming that 
the Atlantic Ocean has developed by seafloor 
spreading since the end of the Paleozoic, Hess 
calculated a spreading rate of about 1 centimeter 
per year. 

Continents can be viewed as enormous bodies 
that float in oceanic crust by virtue of their low 
density. They would be expected to ride passively 
along like guyots. Here, then, was Hess's explana- 
tion for the fragmentation of continents: He rea- 
soned that when convective cells in the mantle 
change their locations, the upwelling limbs of two 
adjacent cells must sometimes come to be posi- 
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that this pattern might confirm Hess’s seafloor- 
spreading model. They reasoned that if crust is 
now forming along the axis of any midocean ridge, 
it must become magnetized with the magnetic 
field’s present polarity as it crystallizes from the 
molten mantle. In older crust lying at some dis- 
tance from the ridge, however, reversed polarity 
should be encountered, and in even older crust 
farther from the ridge, the polarity should be nor- 
mal again. 

Magnetic "striping" had, in fact, recently 
been observed on many parts of the seafloor. The 
stripes are called anomalies because their magne- 
tism, if it is normal, adds to Earth's present mag- 
netic field, and if it is reversed, it weakens the 
magnetic field. Thus the presence of magnetic 
stripes causes measurements of regional magne- 
tism to be abnormal or anomalous. 

The striping patterns were soon put to a more 
rigorous test. During the 1960s a time scale was 
developed for late Cenozoic magnetic reversals. 
This scale was based on measurements of the mag- 
netic polarity of terrestrial rocks of known age. It 
was assumed that the spreading rate for each mid- 
ocean ridge had remained reasonably constant 
over the past 4 or 5 million years. It was then 
found that the relative widths of seafloor stripes 
were proportional to the time intervals that these 
stripes were thought to represent — that is to say, 
long intervals of normal polarity were repre- 
sented by broad stripes, short intervals by narrow 
stripes. Thusthe detailed patterns of striping were 
found to match the known timing of magnetic re- 
versals (Figure 6-19). Because the oceanic crust is 
not altogether homogeneous, magnetic anomalies 
do not form perfectly smooth striping patterns on 
the seafloor. Nonetheless, the patterns can be 
striking. 

An interesting story concerns the misfortunes 
of a Canadian geologist named L. W. Morley. 
Morley developed the same model for magnetic 
anomalies that Vine and Matthews published, but 
the manuscript in which he outlined his model was 
rejected by the two journals to which he submit- 
ted it in 1963. One reviewer of the manuscript 
cynically commented that "such speculation 
makes interesting talk at cocktail parties." Be- 
cause Vine and Matthews were fortunate enough 
to have had their paper accepted for publication, 
they were the ones who ultimately received rec- 
ognition in the scientific world. Radically new 
ideas are not easily established in science. 
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FIGURE 6-18 Section through the Tonga Trench in 
the Pacific Ocean. The view is northward. In the upper 
picture, vertical distances are exaggerated by a factor of 
10. The lower diagram is drawn without vertical exag- 
geration. The island toward the left is Kao, a dormant 
volcano. The oceanic crust to the right (or east) of the 
trench is moving down into the mantle beneath the oce- 
anic crust to the left. (Modified from R. L. Fisher and 

R. Revelle, Scientific American, November 1955.) 


nents move along with oceanic crust, it overcame 
the objection that continents could not move 
through such crust. Second, the hypothesis was 
consistent with a variety of facts, the most impor- 
tant of which are italicized above. Most of these 
facts had not previously made sense. 


The Triumph of Paleomagnetism 


Despite the strong circumstantial evidence in 
support of Hess's hypothesis, its publication in 
1962 created no great stir within the geologic 
profession. What was needed was a really con- 
vincing test of the basic idea. Such a test was soon 
found. It was based on the well-known fact that 
Earth's magnetic field has periodically reversed 
its polarity (p. 96). In 1963 the British geophysi- 
cists Fred Vine and Drummond Matthews re- 
ported that newly formed rocks lying along the 
axis of the central ridge of the Indian Ocean were 
magnetized while Earth's magnetic field was po- 
larized as it is now. This finding came as no sur- 
prise, because it was known that other midocean 
ridges also exhibited "normal" magnetization. It 
turned out, however, that seamounts on the flanks 
of the Indian Ocean ridge were magnetized in 
the reverse way. Vine and Matthews concluded 
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FIGURE 6-20 Thingvellir Graben in Iceland. This 
portion of the Mid-Atlantic Ridge is dramatically 
exposed above sea level. As the rift separates, lava 
squeezes upward to form new basaltic crust. (Gud- 
mundur Sigvaldason.) 
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FIGURE 6-21 A graben of the sort that a midocean 
rift represents. As tension breaks the crust and spreads 
it laterally, some blocks of crust sink back into the zone 
of extension along faults. Lavas (pattern) moving up- 
ward along the faults fill in the space produced by rift- 
ing and also flow laterally and solidify on the floor of the 
graben. 
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FIGURE 6-19 Magnetic anomaly patterns of the sea- 
floor fit the prediction that they represent magnetic re- 
versals. The time scale shows known magnetic reversals 
of the past 4 million years. The labels (Gilbert through 
Brunhes) represent intervals that are, for the most part, 
characterized by either normal or reversed polarity, 
dated by the polarity of terrestrial rocks whose ages are 
known. The relative lengths of these intervals are re- 
markably similar to those of the magnetic-anomaly 
stripes on either side of a midocean ridge. (After A. Cox 
et al., Scientific American, February 1967.) 


What Happens at Ridges 


At places in Iceland, the furrow down the center 
of the Mid-Atlantic Ridge can be seen to be a 
structural graben (Figure 6-20): a valley bounded 
by normal faults —that is, faults whose dip is 
steeper than 45° and that have allowed a central 
"fault block" to slip downward (Figure 6-21). 
Grabens form where the crust is extending — as is 
the case along a midocean ridge, where crust is 
forming and moving laterally. As the crust period- 
ically breaks apart along a midocean ridge, lava 
moves upward to fill the space thus formed, pro- 
ducing new oceanic crust. Extruded lavas have 
also been recorded along submarine midocean 
ridges. These lavas sometimes form pillow basalt, 
rock with the hummocky configuration that origi- 
nates when lava cools underwater (Appendix I). 
Midocean ridges and neighboring features of 
the seafloor have now been mapped in consider- 
able detail. It turns out that these ridges are fre- 
quently offset along enormous transform faults 
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(Figures 6-4 and 6-22). These fractures of Earth’s 
crust are strike-slip faults — that is, high-angle 
faults along which the rocks on opposite sides 
move in opposite directions (Appendix II). The 
famous San Andreas Fault is a transform fault that 
happens to cut across the edge of the North Amer- 
ican continent (p. 128). Earthquakes caused by 
movement along the San Andreas have caused 
considerable damage in California. 

It is now recognized that the boundary be- 
tween the crust and the mantle — the Moho (Fig- 
ure 6-11) — is not the surface along which Earth's 
“skin” moves. This surface, which lies well below 
the Moho, is the boundary between the asthe- 
nosphere (the partially molten part of the man- 
tle) and the lithosphere (the uppermost mantle 
and the crust). The asthenosphere-lithosphere 
boundary is situated closer to the surface beneath 
midocean ridges, where high temperatures keep 
mantle material molten even at very shallow 
depths. Figure 6-23 shows the current configura- 
tion of the crust and upper mantle in the vicinity of 
the Atlantic Ocean, which is still growing by sea- 
floor spreading. 
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FIGURE 6-22 A transform fault. The central part of 
this fault is a plate boundary along which two plates 
slide past one another. Here plate A and plate B are 
separating at a rift, and the transform fault offsets this 
ridge. Arrows indicate the opposite directions of plate 
motion between the two segments of the ridge. (After F. 
Press and R. Siever, Earth, W. H. Freeman and Company, 
New York, 1986.) 
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beneath the eastern Pacific Ocean is moving eastward; 
where it meets South America along a deep-sea trench, 
this oceanic plate moves downward into the astheno- 
sphere. (After F. Press and R. Siever, Earth, W. H. Free- 
man and Company, New York, 1986.) 
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FIGURE 6-23 Cross section of the lithosphere and the 
asthenosphere in the vicinity of the South Atlantic 
Ocean. Note that the lithospheric plate that includes 
South America is moving westward from the Mid- 
Atlantic Ridge. At the same time, the lithospheric plate 
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lines with numbers indicate segments of seafloor of 
various ages (millions of years before the present). 
(After M. Barazani and J. Dorman, Seismol. Soc. Amer. 
Bull. 59:369-380, 1969.) 


encircle the Pacific Ocean (Figure 6-24). In the 
decade before Hess developed his ideas, the geo- 
physicist Hugo Bennioff and others had noted that 
trenches are associated with two other geologic 
features: volcanoes and deep-focus earthquakes. 
The latter are earthquakes that originate more 
than 300 kilometers (—190 miles) below Earth's 
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FIGURE 6-24 Distribution of deep-sea trenches and of 
centers of earthquake activity in the Pacific between 
1961 and 1967. Note that when trenches are viewed 
from above, many can be seen to curve, and that carth- 
quake centers are concentrated along trenches. Dashed 


Subduction at Deep-Sea Trenches 


After the publication of Hess's paper, deep-sea 
trenches attracted much interest. These trenches 
are the sites of the lithosphere's descent into the 
asthenosphere— a process now called subduc- 
tion. Most of the trenches of the modern world 
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kilometers in diameter. The rest reaches the sur- 
face to emerge in volcanic eruptions. 

A band of subducted lithosphere is called a 
subduction zone. Subduction zones border much 
of the Pacific Ocean (Figures 6-1 and 6-24). The 
volcanoes associated with these zones form what 
is known as the "ring of fire" around the Pacific; 
Box 6-1 describes cataclysmic volcanism within 
the ring. 

When deep-sea trenches and the chains of 
volcanoes associated with them are viewed from 
above, many of them can be seen to have the shape 
of an arc. The volcanoes that rise above sea level 
form island arcs (Figure 6-26). Lithosphere tends 
to descend along a curved path for a reason that 
appears to be quite simple: Because Earth is 
nearly spherical, lithosphere that is depressed 
into the less rigid asthenosphere tends to bend 
downward along a curved line in the way that a 
circular dent forms in a Ping-Pong ball when you 
press it with your thumb. 
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FIGURE 6-26 Island arcs that lie partly along thc is- 
lands of Japan. Black circles represent active volcanoes; 
hollow circles represent young but inactive volcanoes. 
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FIGURE 6-25 Volcanic activity produced by subduc- 
tion. The subducted plate partially melts after it reaches 
a critical depth. Magma of low density rises and reaches 
the surface to form volcanoes. Crosses represent earth- 
quake foci. Curved lines are lines of equal temperature. 
Note that subduction of the lithosphere, which is ini- 
tially cold, causes these lines to bend downward. (After 
S. Uyeda, The New View of the Earth, W. H. Freeman 
and Company, New York, 1978.) 


surface (p. 13). In areas far from deep-sea 
trenches, deep-focus earthquakes are rare. Near 
trenches, however, both shallow- and deep-focus 
earthquakes are frequent. 

The typical spatial relationship between 
trenches, volcanoes, and earthquake foci is shown 
in Figure 6-25. As this figure indicates, the earth- 
quake foci fall along a narrow, nearly planar zone 
that angles down from the trench. A little thought 
will reveal that the earthquake foci in Figure 6-25 
must lie along or within the segment ofa plate that 
is descending into the asthenosphere. Earth- 
quakes must result from the occasional downward 
movement of a plate. The descent of a plate causes 
earthquakes to originate deeper than they do 
elsewhere within the lithosphere, because a de- 
scending plate is a portion of lithosphere that is 
moving down into the asthenosphere. The plate 
descends because it is cooler and therefore denser 
than the partially molten asthenosphere, and it 
produces earthquakes because it occasionally 
takes a sudden step downward. 

Chains of volcanic islands often parallel deep- 
sea trenches (Figure 6-24). They are positioned in 
this way because the descending slab of litho- 
sphere undergoes partial melting (Figure 6-25), 
and any molten material that is less dense than the 
asthenosphere rises toward the surface as magma. 
Some of this magma solidifies within the crust to 
form intrusive igneous bodies that are several 
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Box 6-1 
The Ring of Fire 





Indonesia, the home of Krakatau, is a veritable 
nation of volcanoes. With a total of 132, it ranks 
first in the world in number of volcanoes that have 
been active within the last 10,000 years. Indonesia 
lies within the "ring of fire" around the Pacific 
Ocean, where lithosphere is descending into hot as- 
thenosphere along subduction zones and melting to 
produce magma. Because of the presence of the 


In 1928 a small volcano rose above the surface of 
the sea between the large Indonesian islands of Su- 
matra and Java. The islanders named it Anak Kra- 
katau, or "child of Krakatau.” Nearly half a century 
before it was born, its parent, a much larger vol- 
canic island, had all but self-destructed in a series 
of volcanic eruptions that affected the entire world. 

Early in 1883, earthquakes repeatedly shook 
islands near Krakatau, which until then had been 
quiescent for about 200 years. On May 20, Kraka- 
tau’s pointed summit began to spew volcanic ash 
and steam. These events foreshadowed one of the 
greatest natural catastrophes of recorded history. 
On August 26, 27, and 28, a series of violent ex- 
plosions audible to people across 10 percent of 
Earth’s surface sent volcanic ash several tens of 
kilometers above Krakatau. The resulting airwaves 
disturbed barographs throughout the world. During 
these convulsions, Krakatau belched out an esti- 
mated 20 cubic kilometers (5 cubic miles) of lava, 
rock, and ash. By the time the event was over, most 
of the volcano had collapsed into a huge chamber 
that had formed beneath it as the volcanic material 
was expelled. 

With each explosion of Krakatau, an avalanche 
of volcanic debris poured into the sea and a tidal 
wave surged thousands of kilometers across the 
ocean. Some of the waves swelled to heights of 40 
meters (~25 feet). Altogether they destroyed 165 
coastal villages and took more than 36,000 human 
lives. | 

When the eruptions of 1883 were over, only a 
third of the original volume of Krakatau remained 
above sea level, and steaming debris that it had ex- 
pelled formed new islands nearby where the sea 
had previously been 36 meters (—100 feet) deep. In 
the months after the eruptions, volcanic dust in the 
atmosphere caused such deep-red sunsets that 
frightened citizens as far away as New York City 
mistakenly called out fire engines. The effects on 
climates throughout the world were longer last- 
ing. Ash that spread throughout the atmosphere 
screened out sunlght, reducing average global tem- 
peratures by as much as +° Celsius. Only five years 
later did climates return to normal. 
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Relative Plate Movements 


Today Earth’s lithosphere is divided into eight 
large plates and several small ones (Figure 6-1). 
We have already discussed three kinds of plate 
boundaries. To recapitulate, an actively spreading 
ridge represents one kind of boundary, and a sub- 
duction zone (or trench) represents a second. 
Plates move away from ridges, along which they 
form, toward subduction zones, where they are 
destroyed. As two plates move, they scrape past 
each other along the third kind of plate boundary, 
a transform fault (Figures 6-4 and 6-22). 

A complex set of forces is responsible for the 
movement of plates. A plate tends to be dragged 
along by convective movement of the underlying 
asthenosphere, but other forces may be more im- 
portant. For example, a gravitational force tends 
to slide a plate laterally away from an elevated 
midocean ridge, where the plate forms (Figure 
6-16). In addition, the margin of a plate that sinks 
into the asthenosphere along a subduction zone 
(Figures 6-18 and 6-25) pulls the plate toward 
that subduction zone. Because these gravitational 
forces that arise at spreading and subduction 
zones are strong enough to move plates, one can- 
not assume that all spreading zones or subduction 
zones necessarily form by movements of the as- 
thenosphere where two convection cells meet. 

The configuration of lithospheric plates has 
changed throughout Earth's history. From time to 
time, new ridges and subduction zones form and 
old ones disappear. Although we cannot recon- 
struct the entire history of plate motions from 
geologic evidence, much of this history is known 
for Cenozoic time. The history of spreading along 
the Mid-Atlantic Ridge is particularly well under- 
stood, as are the histories of spreading along the 
East Pacific Rise west of South America and its 
continuation south of Australia (Figure 6-27). 

The complex history of continental movement 
described by plate tectonics differs in an impor- 
tant way from the pattern that Wegener envi- 
sioned. Wegener thought that the enormous land- 
mass of Pangaea existed as a stable crustal feature 
for hundreds of millions of years and that it frag- 
mented in a single event. Plate tectonics, on the 
other hand, entails continuous movement of most 
landmasses in relation to one another. Because all 
plates are moving, no piece of lithosphere repre- 
sents a perfectly immobile block against which the 
movement of all others can be assessed. 


ring of fire, more than twenty countries that border 
the Pacific are vulnerable to tidal waves produced 
by volcanic eruptions. Most of these countries also 
face the more direct dangers of volcanism: expo- 
sure to flowing lava, flying debris, spreading poi- 
sonous gases, and smothering mudslides. 

In one way or another, volcanoes have claimed 
more than a quarter-million human lives during the 
past 400 years. It is sobering to note that the erup- 
tion of Krakatau in 1883 was not an especially 
large volcanic event. When Tambora, another In- 
donesian volcano, came to life in 1815, its activity 
went largely unstudied because the science of geol- 
ogy was still in its infancy, but it is clear that Tam- 
bora's eruption dwarfed Krakatau's. The size of 
Tambora's crater shows that it spewed forth about 
five times as much material, and its dust screened 
out so much sunlight that 1816 came to be known 
as "the year without a summer." 

How severely a volcanic event affects humans 
actually depends more upon the proximity of large 
populations than upon the size of the eruption. The 
famous eruption of Mount Vesuvius in A.D. 79 was 
relatively small, yet it totally destroyed the nearby 
towns of Pompeii and Herculaneum, trapping thou- 
sands of unsuspecting Romans. Ironically, the citi- 
zens of Pompeii had worshiped the magnificent 
smoldering mountain that loomed impressively over 
them and had built their main street to align with its 
summit. 

We can take various measures to reduce the 
damage that future volcanic eruptions wreak on 
human populations. We can construct coastal 
barriers to tidal waves, for example, or move dwell- 
ings inland. More generally, we can establish plans 
of evacuation for frequently endangered areas, and 
we can monitor volcanoes to sense movements of 
subterranean magma so that potential victims can 
be alerted to the danger of imminent eruptions. Un- 
fortunately, however, millions of humans inhabit 
risky locations and geologists are monitoring only a 
handful of menacing volcanoes. Unless efforts are 
made to improve safety, eruptions will undoubtedly 
claim thousands of lives during the next several 
decades. 
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Magma from the mantle 
FIGURE 6-29 Formation of a chain of islands as an 
oceanic plate moves over a hot spot. A. The major Ha- 
waiian islands. The islands increase in age toward the 
northwest. They have formed, one after the other, as 
the Pacific plate has moved northwestward over a hot 
spot in the mantle. B. Volcanic islands form, one after 
the other, as an oceanic plate moves over a hot spot. 


plume, its successive positions are commonly 
recorded as a chain of volcanoes such as the one 
constituting the Hawaiian Islands (Figure 6-29). 

Radiometric dating tells us that Hawaii, the 
largest and easternmost of the islands, is less than 
1 million years old, while the small northwestern 
island of Kauai is about 5.6 million years old, and a 
long train of even older submarine seamounts ex- 
tends northwestward beyond Kauai. This age pat- 
tern would seem to indicate that the Pacific plate 
is moving in a west-northwest direction over a 
stationary hot spot. Note that this direction ap- 
proximates the one in which the Pacific plate is 
moving in relation to the plates that border it on 
the north and northeast (Figure 6-28). 

A search of the entire globe has turned up 
many hot spots that have been active within the 
last 10 million years (Figure 6-30). Several of 
them have been used to estimate the absolute 


Absolute Plate Movements 


Today the enormous Pacific plate is moving to the 
northwest in relation to the plates that neighbor it 
on the north and northeast (Figure 6-28). Howcan 
we measure the absolute movement of a plate? 
Absolute movement is defined as any movement 
in relation to a fixed feature, such as an immobile 
point at the surface of Earth’s mantle. Nearly im- 
mobile points appear to have been discovered in 
the form of hot spots. A hot spot is a small geo- 
graphic area where heating and igneous activity 
occur within the crust. A hot spot is located at 
Yellowstone National Park in Wyoming, where 
geysers and volcanoes have been present for mil- 
lions of years. Some hot spots result from the ar- 
rival at Earth’s surface of a thermal plume, or a 
column of molten material that rises from the 
mantle. Often a large volcano forms at the surface 
above a plume that rises through thin oceanic 
crust. Because most of the mantle is in a state of 
convective motion, it is remarkable that plumes 
are nearly stationary. As a plate moves over a 
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FIGURE 6-28 Movement of the Pacific plate. Small 
arrows show the directions of movement of the plate in 
relation to its neighboring plates. The large arrow shows 
the absolute direction of movement of the Pacific plate. 
(After P. J. Wyllie, The Way the Earth Works, John Wiley 
¢ Sons, Inc., New York, 1976.) 
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close to midocean ridges. (After S. T. Crough, Ann. Rev. 
Earth Planet. Sci. 11:165- 193, 1983.) 


(Figure 6-1). The plate boundaries at a triple 
junction may differ from one another. Each 
boundary may consist of a spreading zone, a sub- 
duction zone, or a transform fault. At the Afar 
Triangle, the junction happens to involve three 
spreading zones. 

It appears that when a large continent is rifted 
apart, the jagged line along which it divides often 
represents a composite structure formed from 
arms of several three-armed rifts. The rifting that 
formed the Atlantic Ocean illustrates this phe- 
nomenon (Figure 6-32). A three-armed rift usu- 
ally contributes two of its arms to the composite 
rift, while the third arm becomes a failed rift —a 
plate-tectonic dead end. Before it ceases to be 
active, this third arm forms a graben or a system of 
grabens that projeets inland from the new conti- 
nental margin formed by the other two arms. 
Some of the world's largest rivers, including the 
Mississippi and the Amazon, flow through valleys 
located in failed rifts that border the Atlantic 
basin. 

It is not uncommon, however, for all three 
arms of a three-armed rift to develop into seg- 
ments of plate boundaries. Note, for example, that 
the Mid-Atlantic Ridge terminates at a triple junc- 
tion of ridges in the South Atlantic. Similarly, 
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FIGURE 6-30 All of the world’s identified hot spots. 
Note the eoncentration of hot spots in Africa. Many hot 
spots, such as Ascension Island, are positioned on or 


directions and rates of plate motion. Many litho- 
spheric plates are moving at a rate of only 5 centi- 
meters (~1 inch) or less per year. 


The Rifting of Continents 


Eastern Afriea provides us with a model of conti- 
nental rifting in progress. A system of rift valleys, 
formed during the Cenozoic Era, extends south- 
ward from the Red Sea and the Gulf of Aden (Fig- 
ure 6-31). The rift valleys and the basins harbor- 
ing the Red Sea and Gulf of Aden are grabens 
formed by extension and breaking of the conti- 
nental lithosphere. 

When rifts develop, they often begin as three- 
armed lesions at plate boundaries known as triple 
junctions. Long before the advent of plate tecton- 
ics, geologists noticed that at the locations of 
three-armed grabens, continental crust is fre- 
quently elevated into a dome. In the context of 
plate tectonics, it seems evident that this doming 
represents the development of a hot spot. In the 
area of Ethiopia called the Afar Triangle, the Red 
Sea, the Gulf of Aden, and the north end of the 
African rift system form a triple junction. Such 
junctions are common features of Earth's crust 
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FIGURE 6-32 Ancient three-armed rifts that become 
apparent when we reassemble continents now border- 
ing the Atlantic Ocean. Many of these rifts contributed 
two arms to the fracture zone that became the Mid- 
Atlantic Ridge. (After K. C. Burke and J. T. Wilson, 
Scientific American, August 1976.) 


spots of a larger number that formed three-armed 
rifts that subsequently became active spreading 
ridges. The southern portion of the Mid-Atlantic 
Ridge has shifted to a position slightly to the west 
of three surviving hot spots that appear to have 
played a role in its origin. 
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FIGURE 6-31 Three-armed rift along the northeast 
margin of Africa. Two of the arms represent new 
oceans: the Red Sea and the Gulf of Aden. The third 

is beginning to break the continent of Africa apart 
along Africa’s famous rift valleys. The Afar Triangle is 

a small region of oceanic crust that has been elevated to 


become land. 


although the rift arm that projects into Africa has 
not yet divided the continent, it may do so in the 
future. 

It is not surprising that many hot spots are 
situated on or very near midocean ridges (Fig- 
ure 6-30). These may be the only surviving hot 


form within the elongate valleys also leave a sedi- 
mentary record. In arid climates, temporary lakes 
leave accumulations of nonmarine evaporites. If 
rifting continues long enough, a rift valley be- 
comes so wide and so extended that it opens up to 
the sea. Because inflow from the sea tends at first 
to be restricted or sporadic, saline waters within 
the rift valley evaporate more rapidly than they 
are renewed. Under such circumstances, marine 
evaporites form. Waters from the Indian Ocean, 
for example, only recently gained full access to the 
currently widening Red Sea. Beneath a thin ve- 
neer of marine sediment in the Red Sea, geologists 
have found evaporites that formed during an ear- 
lier time, when there was only a weak connection 
to the larger ocean, or perhaps even earlier, when 
arid nonmarine basins were present. 

The margins of the Red Sea also exhibit geo- 
logic features that typify the early stages of conti- 
nental rifting. The Afar Triangle (Figure 6-32) was 
once part of the Red Sea floor. Most of the rocks in 
this area are basalts similar to those that form oce- 
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FIGURE 6-33 Tilted fault blocks in the Afar Trian- 
gle. The white areas are crusts of evaporite deposits. 

(H. Tazieff, Scientific American, February 1970. Photo- 
graph by H. Tazieff.) 
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CLUES TO ANCIENT PLATE 
MOVEMENTS 


A great deal has been learned about plate motions 
and interactions during Cenozoic time through 
the study of magnetic striping, the directions and 
relative rates of plate movement, and hot spots. As 
we look far back in geologic time, however, these 
methods cease to be useful, because the evidence 
on which they are based has been obscured or 
destroyed by such processes as subduction, meta- 
morphism, and erosion. We must therefore rely 
on other geologic clues to tell us how plates moved 
and interacted hundreds of millions of years ago. 
Even for the Cenozoic Era, complex motions of 
plates in certain regions (the Mediterranean, for 
example) can be deciphered only by the study of 
special clues. Let us examine some of these clues. 


Signs of Ancient Rifting 


As we have seen, a midocean ridge is often asso- 
ciated with block faulting that is expressed by a 
graben running along the ridge’s midline (Figures 
6-4 and 6-20). When a spreading zone first passes 
beneath continental crust, however, it seldom 
produces faults that cut cleanly through. Instead, 
the extension tends to break the thick continental 
crust into a complex band of fault blocks. Today 
this process is under way in Africa, where a system 
of rift valleys passes southward from the Red Sea 
(Figure 6-31). Each valley is a long, narrow, 
downfaulted block of crust associated with mafic 
volcanoes that have welled up from the mantle. 
(Rifting on the land often produces mafic dikes 
and flood basalts.) Some of the rift valleys cradle 
great lakes such as Lake Tanganyika. These rift 
valleys have been in existence only since early in 
Miocene time (less than 20 million years). 
Before the sea enters a continental rift valley, 
nonmarine clastic sediments often accumulate 
rapidly to great thicknesses. The reason for this is 
that rapid subsidence of a downfaulted basin 
creates a rugged landscape in which subsequent 
erosion is rapid as well. The sediments typically 
include conglomerates derived from the steep 
valley walls and also red beds — sediments whose 
reddish color is usually attributable to iron oxide 
cement —and alluvial-plain deposits. Lakes that 
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axis, down the slope of the asthenosphere’s sur- 
face, to regions where heat flow is lower and the 
asthenosphere is not so swollen (see Figure 6-16). 
Thus the continental borders, which were tecton- 
ically active when they were still close to the 
spreading zone, become what are termed passive 
margins. Having descended below sea level, these 
tectonically inactive areas of continental crust ac- 
cumulate sediment along shallow shelves. Thus, as 
Chapters 14, 15, and 16 will describe, the Atlantic 
margin of the United States, after rifting away 
from Africa early in the Mesozoic Era, soon began 
to accumulate great thicknesses of sediment and 
has continued to do so to the present day (Figure 
6-34). This passive margin has continuously sub- 
sided under the weight of the sediment, making 
way for more to be laid down. 


Evidence of Ancient Subduction Zones 


Subduction zones also leave telltale signs in the 
rock records of continents. One clue is provided 
by igneous rocks. Some of the magma rising froma 
subducted plate reaches the surface of the crust 
and erupts volcanically, while some of it cools 
within the crust as intrusions. Another specific 
clue is found in the belt between the site of 
igneous activity and the deep-sea trench, where 
plate convergence typically creates a zone of in- 
tensely deformed rocks (Figure 6-35). Most of 
the rocks in this deformed belt are deep-ocean 
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FIGURE 6-35 Cross seetion of a subduetion zone 
showing the zone of intense deformation between the 
treneh and the voleanic arc. Herc sediments are de- 
formed into mélanges and are metamorphosed. 


anic crust. Much of the topography is the product 
of block faulting and uplift produced by the high 
rate of heat flow from the mantle, and in places 
there are great thicknesses of evaporite deposits 
(Figure 6-33). 

In summary, then, regions of continental rift- 
ing are characterized by normal faults, mafic dikes 
and sills, and thick sedimentary sequences within 
fault block basins that often include lake deposits, 
coarse terrestrial deposits, and evaporites fol- 
lowed by oceanic sediments. An ancient example 
of this suite of features can be found in fault basins 
of the eastern United States. Two of the basins 
are labeled in Figure 6-32 as the Newark and 
Connecticut rifts. These are actually failed rift 
arms —rifts that never became part of the com- 
posite rift that formed the Atlantic Ocean. As we 
will see in Chapter 13, these rifts passed far inland 
and never opened wide enough to allow the sea to 
invade, although they contain other sedimentary 
sequences that typify incipient continental rifts. 

If spreading continues, however, two new 
continental margins eventually develop and move 
far from the spreading zone where they formed. 
Soon they are likely to be flooded by shallow seas, 
because they move laterally away from the ridge 
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FIGURE 6-34 Aeeumulation of sediments along the 
passive margin of the eastern United States since the 
Jurassie Period. During Triassie and Jurassie time, eonti- 
nental deposits accumulated in fault-bounded basins as 
the early stages of rifting separated North Ameriea and 
Afriea. When the continents separated enough so that 
seawater could enter to form the Atlantic Oeean, marine 
deposition eommenced along the new passive margins 
that bordered eastern North Ameriea and western Africa. 


The border of a continent along which sub- 
duction occurs, producing igneous activity and 
deformation, is known as an active margin. Some- 
times two continental masses converge along a 
subduction zone. Because they are felsic in com- 
position, neither can deseend into the dense man- 
tle. As we will see in Chapter 7, this is one eause of 
mountain building; over such eonvergenee leads 
to the formation of enormous faults and extensive 
folding. Some slices of seafloor usually end up on 
the surface of the combined continent that is 
formed by the plate convergenee. These segments 
of seafloor, known as ophiolites, consist of pillow 
lavas that formed oceanic crust and ultramafic 
rocks that formed the upper mantle. Often 
present as well are deep-sea sediments such as 
turbidites, black shales, and cherts— rocks that 
consist primarily of very small quartz crystals pre- 
cipitated from watcry solutions — which origi- 
nally rested on the seafloor above the lavas and 
ultramafic rocks. In effect, ophiolites are samples 
of aneient ocean basins that have been conve- 
niently elevated for our study. Because ophiolites 
often mark the positions of vanished oceans that 
once lay between continents, they are key fea- 
tures in our recognition of plate eonvergence 
along subduction zones. 


Transform Faults in the Rock Record 


We have considered the geologic characteristics 
of diverging plate margins and of converging plate 
margins. Transform faults ean be recognized most 
readily when they have juxtaposed dissimilar geo- 
logic terranes —that is, geologically distinetive 
regions of Earth's crust, each of which has be- 
haved as a coherent erustal block. The offset along 
these faults is eommonly very large—tens or 
hundreds of kilometers —- and this kind of strike- 
slip displacement commonly brings together ter- 
ranes that developed in different regions and 
under quite different circumstances. 


CHAPTER SUMMARY 


l Large plates of lithosphere cover Earth. The 
movement of plates over the asthenosphere ac- 
counts for much deformation and breakage of 
rocks in the lithosphere. 
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sediments such as dark muds and graywackes, 
with bits of ocean crust mixed in. Some have been 
scraped from the descending plate. Others pre- 
viously descended with the plate to depths as 
great as 30 kilometers (~20 miles) and rose again, 
apparently because of their low density. Rocks of 
subduction zones are characteristically metamor- 
phosed at low temperatures (because the depth at 
which they are deformed is not great) and at high 
pressures (because the plates converge with great 
force). This chaotic, deformed mixture of rocks is 
called a mélange (the French word for mixture). 
The mélange shown in Figure 6-36 formed whena 
subduction zone passed beneath the western mar- 
gin of North America. Rocks of a mélange are also 
folded and faulted. They are huge slices of ma- 
terial that have broken from the downgoing litho- 
spheric plate. Slice after slice piles up against 
older material of the mélange, and the slices pile 
up along thrust faults. The entire body of rocks 
found in this way constitutes an aeeretionary 
wedge. Between the aceretionary wedge and the 
igneous arc lies a forearc basin, where turbidites 
and other sediments accumulate in moderately 
deep water. 
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FIGURE 6-36 A mélange of the Franciscan sequence 
in California. Large blocks of exotic material are visible 
in the dark, metamorphosed deep-sea sediment. This 
mélange formed during the Mesozoic Era, when deep- 
sea sediments were pushed against the margin of the 
continent along a subduction zone. (J. Schlocker, U.S. 
Geological Survey.) 
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EXERCISES 


] List as many pieces of evidence as you can in 
support of the idea that continents have moved 
over Earth's surface. 


2 What is the geographic extent of the litho- 
spheric plate on which you live? 


3 Whatis apparent polar wander? Draw pictures 
of Earth showing how the movement of a conti- 
nent can produce apparent wander of the north 
magnetic pole. 


4 Why are most volcanoes that have been active 
in the last few million years positioned in or 
near the Pacific Ocean? 


5 How can a hot spot indicate the absolute direc- 
tion of movement of a plate? 


6 What geologic processes occur along midocean 
ridges? 


7 What are failed rifts, and how are they impor- 
tant to our understanding of the breaking apart 
of continents? (Hint: Refer to Figure 6-32.) 


8 What geologic features enable us to recognize 
ancient continental rifting? 


9 What features enable us to recognize ancient 
subduction zones? 
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2 Similarities of rocks and nonmarine fossils on 
opposite sides of ocean basins provide strong cir- 
cumstantial evidence that continents have moved 
horizontally over Earth's surface. The idea that 
continents actually drift was strongly opposed for 
several decades — partly because it was assumed 
that continents would have to move over or 
through the oceanic crust that lies between them. 


3 It is now recognized that oceanic crust moves 
right along with the continents. Circular, convec- 
tive motion within the mantle contributes to a 
plates’ movement. 


4 Mantle material is extruded along midocean 
ridges, spreading laterally in both directions to 
form the oceanic crust. Oceanic crust is recycled 
back to the mantle by means of subduction along 
deep-sea trenches. Geologists can measure the 
rate of seafloor spreading by observing how rap- 
idly the age of the seafloor increases away from a 
midocean ridge. The rates of spread are high 
enough so that all segments ofthe modern seafloor 
are of Mesozoic and Cenozoic age. All of the sea- 
floor that formed during the Paleozoic has been 
consumed along deep-sea trenches, except for the 
small amount that was preserved because it was 
attached to continents along subduction zones. 


5 Fracturing of continents often begins with the 
doming of continental crust in several places. 
Each dome then fractures to form a three-armed 
rift system. The joining of some of the rift arms 
then produces a fracture that cuts across the entire 
continent. 


6 Block faulting and deposition of thick siliciclas- 
tic sequences and evaporites often mark the be- 
ginning of continental fracturing. 


7 Continental material is of such low density that 
it cannot be consumed by the mantle. As a result, 
when two continents converge along a deep-sea 
trench, neither becomes subducted; rather, the 
two become sutured together. 


8 When a continent encroaches on a deep-sea 
trench, a slice of seafloor is frequently pushed up 
onto the continental surface; when such a seafloor 
remnant, called an ophiolite, is found within a 
modern continent, it marks the position of an an- 
cient ocean that disappeared when two continents 
were united. 


CHAPTER 


Mountain Building 


where the margins are welded together within the 
newly formed large landmass. 

The unification of two continents along a sub- 
duction zone is termed suturing. According to the 
theory of plate tectonics, subduction zones are the 
key to the origin of mountain chains on conti- 
nents. As we will see, however, not all mountain- 
building events result from continental suturing; a 
mountain chain also forms when an oceanic plate 
descends beneath the margin of a solitary conti- 
nent along a subduction zone. Furthermore, not 
all mountain chains are formed of continental 
crust. As we have seen, rifting and swelling of 
oceanic crust create the great midocean ridges, 
which are, in effect, submarine mountain chains 
(Figure 6-4). 


PLATE TECTONICS AND 
OROGENESIS 


The process of mountain building is known as 
orogenesis, and a particular orogenic episode is 
termed an orogeny. Orogenesis along continental 
margins is a complex process that is only partially 
understood. Part of the complexity arises from the 
fact that every orogenic cpisode is unique in cer- 
tain ways. Some orogenies result from the sutur- 
ing of two large continents, whereas others result 
when a single continent interacts with an oceanic 


U ntil recently the process of mountain building 
was a mystery to geologists. Compounding 
the puzzle was the fact that, as we saw in Chapter 
6, few geologists before the 1960s believed that 
continents move laterally over Earth's surface. 
What processes cause mountains to grow, and 
why do mountains occur in so many different po- 
sitions on continents? Before the origin of plate- 
tectonic theory, contradictory ideas emerged. 
North American geologists, for example, had long 
beenstruckbythe fact that one chain of mountains, 
the Cordilleran system, parallels the west coast 
of their continent and another, older chain, the 
Appalachian system, parallels the east coast. Be- 
fore the 1960s, this symmetrical pattern led 
some North American geologists to conclude that 
mountains tend to form along the margins of rela- 
tively stable continental masses known as cratons. 
Most European geologists, however, pointed to 
the Ural Mountains, standing between Europe 
and Asia within the largest landmass on earth, as 
evidence that long mountain chains could indeed 
rise up in the center ofa continent. Plate-tectonics 
theory explains both situations: It is true that con- 
tinuous long mountain chaius form only along 
continental margins; continents can unite, how- 
ever, and when they do, a mountain chain forms 


Cerro Torre is a mountain peak in the Andes of Argen- 
tina. (Art Wolfe.) 








cH y, 
— اس‎ 


Plate Y ceases to be subducted because 
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FIGURE 7-1 The processes of suturing and mountain 
building where two continents (shown in color) meet 
along a subduction zone. (Peter Kresan.) 


peaks. Some magma also cools within the crust, 
forming plutons, or massive intrusions of igneous 
rock (Figure 7-2; also see Appendix I). 

In keeping with the principle of isostasy (p. 
14), the addition of large volumes of low-density 
igneous rock to the base of the crust causes the 
crust along the igneous arc to bob upward. This 
vertical movement contributes to the elevation of 
the mountain chain. At the same time, a root of 
crustal rock produced by the igneous arc extends 
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plate along a subduction zone. In this chapter we 
will examine features shared by most orogenies, as 
well as some that are unique to certain episodes. 

First, let us consider a mechanism of orogene- 
sis that is especially easy to understand: the colli- 
sion of two continents. Ultimately, two properties 
of continental crust — its great thickness and its 
low density in relation to the density of the as- 
thenosphere — lead to mountain building by col- 
lision. Continents are simply too thick and too 
buoyant to be subducted (Figure 7-1). When a 
continent encounters a deep-sea trench, its resist- 
ance to subduction forces a reversal in the direc- 
tion of subduction. As a result, the oceanic plate 
opposite the continent is forced to descend into 
the mantle. If a second continent is riding on the 
newly subducting plate, it will eventually collide 
with the first continent along the subduction 
zone, and the two continents will be welded to- 
gether. The juncture formed in this way is called a 
suture. 

Continental suturing creates mountain chains 
because subduction along a trench causes the 
margin of one continent to wedge beneath the 
margin of the other (Figure 7-1D). The forces 
of collision cause both continental margins to 
thieken, and a mountain chain is uplifted along the 
suture. Often some oceanic crust is pinched up 
along the suture, forming an ophiolite (p. 154). 

It turns out that orogenesis can take place 
along the margin of a continent that is resting 
against a subduction zone even when that conti- 
nent does not collide with another. The central 
Andes, for example, which fringe the east coast of 
South America, have risen to great heights with- 
out a collision, while an oceanic plate has been 
subducted beneath them. We will consider how 
this situation came about after we examine the 
geologic features of a typical mountain chain. 


THE ANATOMY OF A 
MOUNTAIN CHAIN 


When a continent encounters a subduction zone, 
forcing a reversal in the direction of subduction, 
magma rises into the continental crust that now 
passes beneath it (Figure 7-1). Some ofthe magma 
reaches the surface and forms a chain of volcanoes 
that elevate the crust, often forming mountain 
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beyond the metamorphic belt, in the direction of the 
continental interior, is a fold-and-thrust belt. Beyond 
the inland fold-and-thrust belt, the crust is warped 
downward to form a foreland basin, where sediments 
from the mountain system accumulate. 


morphic belt. As a result, the behavior of these 
sedimentary rocks during the deformation pro- 
cess is more brittle and less plastic than that of the 
rocks in the metamorphic belt. Thus the folds are 
broken by enormous thrust faults along which 
large slices of crust, known as thrust sheets, have 
moved away from the core. The thrust sheets usu- 
ally slide along a basal thrust surface. A look at 
Figure 7-2 will reveal how the telescoping action 
of folding and thrusting above a basal thrust short- 
ens and thickens the crust. 

Seaward of the igneous arc, along the subduc- 
tion zone, rocks are also deformed by folds and 
thrust faults. This is the position of the accretion- 
ary wedge, which forms as material is scraped 
from the descending oceanic plate and piled along 
the continental margin (see also Figure 6-35). 


MECHANISMS OF DEFORMATION 


There has been much debate about the origins of 
the forces that cause folding and thrusting in 
mountain belts. One place where the mechanism 


FIGURE 7-2 The configuration of an idealized moun- 
tain chain forming where an oceanic plate is being 
subducted beneath the edge of a continent. This cross 
section illustrates the general symmetry of the moun- 
tain chain. Metamorphism dies out both toward the sea 
and toward the land from the central igneous arc, and 


downward beneath the mountain chain, balancing 
the weight of the mountains by displacing dense 
rocks in the asthenosphere. 

An igneous arc like the one just described 
forms the core of a typical mountain chain. Ex- 
tending along either side of this core is a belt of 
regional metamorphism (see Appendix I). This 
belt consists of crustal rocks that have been meta- 
morphosed by heat from the core and locally in- 
truded by igneous activity issuing from the core. 
Rocks of this metamorphic belt (Figure 7-2) are 
also deformed by processes that will be described 
shortly. 

Metamorphism dies out in both directions 
from the igneous core. Toward the continental 
interior, the metamorphic belt gives way to a fold- 
and-thrust belt (Figure 7-2). The folds of the fold- 
and-thrust belt are typically overturned away 
from the core of the mountain, reflecting the fact 
that the prevailing forces of deformation come 
from the direction of the core. Because of their 
distance from the igneous core, the preexisting 
sedimentary rocks in the fold-and-thrust area are 
largely unaffected by metamorphism and are 
folded less severely than the rocks in the meta- 


This activity produces an elongate foreland basin 
whose long axis lies parallel to the mountain chain 
(Figure 7-2). The foreland basin forms rapidly and 
is usually so deep initially that the sea floods it 
cither through a gap in the mountain chain or 
through a passage around one end of the chain. 

The foreland basin typically deepens so 
quickly that the first sediments to accumulate 
within it are shales and turbidite deposits, collec- 
tively known as flysch (Figure 7-3A). These sedi- 
ments are derived from the mountain chain. The 
shales represent the slow accumulation of mud in 
the foreland basin during intervals between epi- 
sodes of turbidite deposition. 

As the mountain system evolves, folding and 
thrust faulting move progressively farther inland, 
and mountain building proeeeds toward the con- 
tinental interior. In the process, flysch deposits, 
too, become folded and faulted. At the same time, 
the mountain core rises progressively higher, 
shedding sediments more and more rapidly. 
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FIGURE 7-3 Evolution of a typical foreland basin. 
The foreland basin forms as a downwarping of the crust 
in front of a fold-and-thrust belt. At first the foreland 
basin receives deep-water flysch deposits (A). As the 
rate of addition of sediment to the foreland basin 
becomes greater than the rate of downwarping, the 
foreland basin fills with sediment and the sea retreats. 
Deposition of flysch then gives way to deposition of 
shallow marine and nonmarine molasse (B). Meanwhile, 
thrusting continues to migrate toward the continental 
interior, and the flysch deposits are deformed. 
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is easy to understand is the accretionary wedge 
along the trench (Figure 7-2). Here the descend- 
ing plate drags newly added slices of accreted ma- 
terial against older ones along thrust faults; the 
drag forces also fold material within individual 
thrust slices. 

More controversial is the cause of deformation 
within the metamorphic belts and the fold-and- 
thrust belt. Two origins have been suggested for 
the forces that cause large-scale deformation 
within these belts. The first is simply pressure that 
the subducted plate applies to the mountain 
chain, pushing it laterally toward the interior of 
the continent. The resulting compression takes 
the form of folding near the igneous arc and fold- 
ing and thrusting in the more brittle terrain far- 
ther toward the continental interior. 

The second meehanism proposed as a source 
of mountain-building forces is less intuitively ob- 
vious. Its name, gravity spreading, is aptly de- 
scriptive, however. This mcchanism depends on 
the fact that rock, although seemingly rigid, can 
deform under its own weight when that weight 
becomes great enough. It has been proposed that 
the necessary weight develops as the igneous arc 
builds the core of the mountain to a great eleva- 
tion, while a root develops by isostatic adjust- 
ment. When the mountain chain becomes tall 
enough, it tends to spread laterally, like a mound 
of pudding heaped too high to remain stable. A 
mountain chain spreads by deformation along 
folds and thrust faults. This process can cause 
thrust sheets to move uphill along the basal thrust, 
just as pudding that is heaped too high can spread 
up the gently sloping sides of a dish. 

Still controversial is the relative importance of 
the two kinds of forces that are generated along an 
actively deforming mountain belt. Some struc- 
tural geologists view gravitational spreading as 
the dominant mechanism of deformation. Others 
believe that its contribution is relatively minor 
and that the forces applied by the deseending 
plate are the dominant cause of folding and 
thrusting. 


FORELAND BASIN DEPOSITION 


The downwarping of the lithosphere beneath an 
actively forming mountain chain continues for 
some distance beyond the fold-and-thrust belt. 
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ing today: They exhibit orogenesis in progress. 
Furthermore, Figure 7-2 might be viewed as an 
idealized representation of the Andean belt as it 
exists today. 

The Andes are associated with the ring of fire. 
This composite feature, which encircles much of 
the Pacific Ocean, is in most areas a product of the 
subduction zones where oceanic plates are collid- 
ing (Figure 6-24). In certain segments of the ring, 
however, subduction is occurring instead along 
blocks of continental crust. In Japan, for example, 
volcanic activity is centered on a slice of continen- 
tal crust that has become separated from the Asian 
landmass, and in the eastern Pacific Ocean, sub- 
duction zones have encroached extensively on 
continental borders during much of Phanerozoic 
time. Until recently, subduction and associated 
igneous activity affected the entire west coast of 
North America. A subduction zone still operates 
all along the South American coast, where the 
Andes Mountains continue to form (Figures 7-4 
and 7-5). 

The Andean system is the longest continuous 
mountain chain in the world. Where the southern 
Andes meet the sea, a transform fault connects 
them structurally along the seafloor to the Scotia 
Arc, an island arc that circles back to meet a re- 
lated active mountain chain in Antarctica. Simi- 
larly, where the northern Andes disappear into 
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FIGURE 7-4 Map of the Andean mountain chain, 
showing its position adjacent to a subduction zone, the 


Peru-Chile Trench. (After D. E. James, Scientific Ameri- 
can, August 1973.) 


Eventually sediment chokes the foreland basin, 
pushing marine waters out and leaving only non- 
marine depositional settings in their place. These 
areas comprise alluvial fans along the mountain 
chain and also rivers, floodplains, and related en- 
vironments farther inland. Collectively, the sedi- 
ments of all these settings are termed molasse. 
Molasse deposits can accumulate to great thick- 
nesses; as deformation continues, they too can 
sometimes be folded and faulted. By the time mo- 
lasse begins to form, the foreland may no longer be 
a topographic basin but may appear instead as a 
broad depositional surface sloping away from the 
mountain front (Figure 7-3B). As the foreland 
subsides beneath the accumulating sediments, 
however, it remains a structural basin (see Appen- 
dix II). Molasse deposits pinch out from the mar- 
gin of a mountain belt toward the interior of the 
craton. Owing to its prismlike configuration, a 
thick package of molasse is sometimes referred to 
as a clastic wedge. 

The depositional transition from the deep- 
water flysch to nonmarine molasse occurs during 
the evolution of most mountain systems. Even 
molasse deposition comes to an end when oro- 
genic activity stops. Not only does igneous activity 
cease in the core of the mountain chain, but so do 
folding and thrusting along the margin. Soon ero- 
sion subdues the mountainous terrain and the 
source of the molasse sediment disappears. 

The preceding discussions have dealt with 
ideal mountain systems. Actual mountain systems, 
however, frequently lack one or more of the fea- 
tures described here. The following sections 
describe the histories of some real mountain 
systems: the Andes, the Himalayas, and the Appa- 
lachians. The Rocky Mountains and other moun- 
tain ranges of western North America, which form 
the so-called Cordilleran system, have a history so 
long and complex that it will be treated in install- 
ments in later chapters. 


THE ANDES: MOUNTAIN 
BUILDING WITHOUT 
CONTINENTAL COLLISION 


The Andes Mountains of South America offer an 
appropriate starting point for our examination of 
actual mountain belts because they are still form- 


miles). When Charles Darwin sailed around the 
world on the Beagle, he noted the presence of 
Cenozoic marine fossils at high altitudes in the 
Andes. These fossils offered proof that the Andes 
had been elevated greatly during recent geologic 
time. Darwin also saw at firsthand that the move- 
ments occurred in pulses: He witnessed earth- 
quakes during which land along the seacoast was 
suddenly raised scveral feet. From a distance Dar- 
win also observed the eruption of Andean volca- 
noes. We now know that for about the last 200 
million years the Andcan crust has been thickened 
by the addition of igneous material below and also 
has been bobbing up isostatically. At the same 
time, volcanic rocks have been piled on top. We 
also understand why most major earthquakes 
originate in major orogenic belts such as the 
Andes (see Box 7-1). 

The details of Andean mountain building are 
complex and only partially understood, but cer- 
tain general patterns are of interest. For example, 
igneous activity has steadily shifted toward the 
continental interior during Mesozoic and Ceno- 
zoic time; in other words, magma has ascended at 
positions farther and farther inland (Figure 7-5). 
Probably because today thc subducted plate de- 
scends at a low angle, the zone where volcanoes 
are formed and magma cools below the surface to 
form intrusive rocks is now centered about 200 
kilometers (—125 miles) inland from the coast. 
Earlier the subducted plate probably descended 
at a steeper angle, thus reaching the depth of par- 
tial melting nearcr the coast. 


THE LOFTY HIMALAYAS 


The Himalayas, having formed primarily during 
the Neogene Period, are a relatively youthful 
mountain system. Partly because of their youth, 
the Himalayas are the tallest mountain range on 
Earth. The Himalayan front rises abruptly from 
the flat Ganges Plain; not far from the front, 
Mount Everest, the tallest mountain on Earth, 
towers to 8848 meters (—5.5 miles) above sea 
level. Even the broad Tibetan plateau, which lies 
to the north of the Himalayan front (Figure 7-6), 
stands at an average elevation of about 5 kilome- 
ters (—3 miles) above sea level—higher than 
any mountain peak in the 48 contiguous United 
States. 
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FIGURE 7-5 Formation of the Andes. During pre- 
Cenozoic time, igneous material was added to the crust 
from the oeeanic plate descending along the marginal 
trench. During Cenozoie time, igneous activity shifted 
farther east. Thrust faulting has occurred both east and 
west of the area of igneous activity. (After D. E. James, 
Scientific American, August 1973.) 


the ocean, the igneous arc responsible for their 
formation loops out into the Caribbean Sea. 

The history of mountain building along the 
west coast of South America extends well back 
into the Paleozoic Era. During Paleozoic time, 
considerable thicknesses of marine sediment were 
laid down along an ancient continental margin, 
where the Andes now stand, extending the conti- 
nental margin westward. Widespread unconform- 
ities in the area attest to mountain building during 
the Devonian Period, and the continental margin 
remained elevated throughout late Paleozoic 
time — particularly in the eastern Andes, where 
many late Paleozoic rocks are of nonmarine 
origin. 

Post-Paleozoic mountain building in the An- 
dean region has not caused the continental margin 
to extend appreciably seaward. Instead, it has in- 
volved igneous activity and uplift within the Pa- 
leozoic boundary of the continent. The present 
pattern of mountain building began early in the 
Mesozoic Era, when a subduction zone came to lie 
along the margin of South America (Figure 7-5). 
Enormous volumes of igneous rock have since 
risen from the subducted oceanic plate and have 
been added to the Andean crust, thickening it in 
some places to more than 70 kilometers (—45 
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slip faults throughout the region seem to have permitted 
the Asian crust to squeeze eastward, as the Indian pen- 
insula has pushed northward. (Modified from P. Molnar 
and P. Tapponier, Scientific American, April 1977.) 


Mesozoic Era, this fragment was moving north- 
ward as an island continent within the large Aus- 
tralian plate (Figure 7-8). The collision of this In- 
dian craton with Eurasia resulted in the uplifting 
of the Himalayas. 

When did the Indian craton arrive? During 
Eocene time, shallow seas covered much of the 
Indian craton, and limestones were laid down over 
large areas. Coarse sediment derived from moun- 
tainous terrain was first deposited on top of the 
limestones in late Miocene time. Apparently it 
was not until shortly before this time that moun- 
tain building began. Sediments in the Indian 
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FIGURE 7-6 Geologic features of the Himalayan re- 
gion. The high-standing Tibetan plateau is bounded 

by thrust faults, especially in the south, and molasse is 
being shed southward from the plateau. Numerous strike- 


Plate Movements 


The Himalayas form part of a great series of 
mountain chains of Cenozoic origin that stretch 
from Spain and North Africa to Indochina (Figure 
7-7). All of these chains formed as a consequence 
of the northward movement of fragments of 
Gondwanaland, the immense southern continent 
that broke apart during the Mesozoic Era (D: 133) 
The Alps and other Cenozoic mountains of the 
Mediterranean region formed as the African plate 
moved northward against the Eurasian plate. 
Recall that the Indian peninsula, which pro- 
jects southward from the Himalayas, was origi- 
nally a fragment of Gondwanaland. By late in the 





Himalayas 


- ayy m eni fme ce 






1 ۱ : ۱ 9 . E M 
بر‎ S frag 
DENS مسر سار‎ = a زا‎ 


FIGURE 7-8 Northward movement of the Indian cra- 
ton between 80 and 10 million years ago. Numbers rep- 
resent the millions of years before the present when 
geographic boundaries reached various positions. (After 
C. McA. Powell and B. D. Johnson, Tectonophysics 63:91— 
109, 1980.) 


ducted. As a result, subduction ceased, and so did 
the associated igneous activity along the southern 
margin of Tibet. Convergence of the Australian 
and Eurasian plates continued, however, and 
about 20 million years ago India began to wedge 
beneath the southern margin of Tibet without 
descending into the asthenosphere (Figure 7-9B). 

Sediments of the forearc basin that had bor- 
dered Tibet were squeezed up along the suture, 
along with material ofthe accretionary wedge and 
solid oceanic crust, to form an ophiolite. At some 
unknown time another dramatic event took place: 
The northern margin of India, consisting of sedi- 
ments and underlying continental crust, broke 
away from the rest of the Indian continent. The 
remaining Indian continent then slid beneath the 
margin of the continent for at least 100 kilometers 
(about 60 miles) along a huge thrust fault, which is 
known as the Main Central Thrust. This fault can 
be seen today in many areas of the Himalayas, 
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FIGURE 7-7 The series of mountain chains that 
formed along the southern margin of Eurasia when 
fragments of Gondwanaland moved northward against 
the large northern continent during the Cenozoic Era. 
(After H. Cloos, Einfuhrung in die Geologie, Verlag von 
Gebruder Borntraeger, Berlin, 1936.) 


Ocean provide additional evidence of the timing 
of orogenic activity. The oldest deep-sea turbi- 
dites deposited offshore from the Indus and 
Ganges rivers (Figure 7-6) date to the middle 
Miocene. The rivers themselves cannot be much 
older, and they came into being when the Hi- 
malayas began to form, perhaps 20 million years 
ago. 

Indeed, much of the Himalayan chain has 
been uplifted during the last 5 million years. 


Pattern of Orogenesis 


Figure 7-9 shows in greater detail how the Hi- 
malayas formed. When India was approaching 
Eurasia, riding on the Australian plate, the north- 
ern margin of this plate was being subducted be- 
neath Eurasia (Figure 7-6). When India arrived, 
being a continental mass, it could not be sub- 
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Compression in the suture zone uplifted and deformed 
the accretionary wedge that had bordered Tibet, pro- 
ducing ophiolites. C. Today movement has shifted to a 
new thrust fault, the Main Boundary Fault, and the crust 
has further thickened. Molasse is being shed southward, 
and older molasse deposits are being deformed in the vi- 
cinity of the Main Boundary Fault. (Numbers refer to 
zones identified in Figure 7-6 along line AB.) (Adapted 
from P. Molnar, American Scientist 74:144 — 154, 1986.) 


thickening of the Indian crust, as the margin of 
India has underthrust the slices of crust that have 
broken from it. Presumably, as the Indian subcon- 
tinent continues to press against Tibet, a new 
thrust fault will form sometime in the future so 
that yet another slice of crust will be added to the 
Himalayan region. 
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FIGURE 7-9 Cross section showing how the Hi- 
malayas may have formed when the Indian craton 
wedged beneath the margin of Eurasia. A. Slightly be- 
fore 20 million years ago the Indian craton was rafted 
toward Eurasia as part of a plate being subducted be- 
neath Tibet. B. About 20 million years ago the Indian 
craton began to wedge beneath Tibet and fractured 
along the Main Central Thrust. Movement along this 
fault thickened the crust, forming mountainous terrain. 


where valleys have cut deep into the mountains. 
Movement along the Main Central Thrust ceased 
sometime before 10 million years ago and a new 
fault, the Main Boundary Fault, developed below 
it (Figure 7-9C). Movement along this fault has 
continued to the present day. The result of the 
movement along the two faults has been a great 
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The Borah Peak earthquake in 1983 produced this fault 
scarp in the Rocky Mountains. (Paul Karl Link, Idaho 
State University.) 


were damped by the soft sediments that form much 

of the terrane nearby. Nonetheless, the San Fran- 

cisco earthquake and the fires it triggered, claimed 

about 700 lives. If an earthquake of similar mag- 
nitude struck the same area today, it would take 
an even heavier toll because the population of 
the region has exploded since 1906. The Loma 
Prieta earthquake, caused by movement along 
the San Andreas fault in 1989, was only of mag- 
nitude 7.0. It was, nonetheless, the most costly 
natural disaster in the history of the United States, 


The Richter scale is the universal yardstick by 
which geologists measure the magnitude of earth- 
quakes. An earthquake that scores 3 on the scale 
will be felt indoors by some people but will do no 
damage to buildings; one that reaches 6 will topple 
chimneys and weak walls; and one of magnitude 8 
will destroy virtually all human structures. Most 
major earthquakes are sudden movements of earth 
at the boundaries of lithospheric plates. Since 
1906, all continental earthquakes that have ex- 
ceeded 8 on the Richter scale have originated in 
mountain belts produced by the collision of plates. 
A subducted plate moves downward in sudden 
steps. When the massive plate takes an unusually 
large step, it produces a very large earthquake, and 
where the subduction is beneath a continent, the 
continent shakes violently. Similarly, collision of 
continents along a subduction zone causes episodic 
earthquakes until the subduction zone shifts to a 
new location. 

Two regions have been the sites of all large 
continental earthquakes of recent decades: moun- 
tain belts that form segments of the ring of fire 
around the Pacific Ocean and the chain of mountain 
belts that stretches from southern Europe to China. 
Individual earthquakes have taken tens of thousands 
of lives in densely populated sectors of these zones, 
especially in China and in Central and South Amer- 
ica. The 1976 earthquake centered beneath the city 
of Tangshan, China, stands as the most disastrous 
of modern times. It leveled the city and killed about 
240,000 people. In contrast, the much larger 1964 
Alaskan earthquake, which originated beneath a 
bay near Anchorage, caused only 131 deaths. 
Eleven of the victims lost their lives as far away as 
Crescent City, California, where a huge tidal wave 
crashed ashore. This wave had spread from the 
coast of Alaska, where a pulse of subduction had 
elevated the continental margin and disturbed shal- 
low seas. Few lives were lost in Alaska because the 
population near the earthquake's center was sparse. 

The famous San Francisco earthquake of 1906 
occurred when the Pacific plate suddenly moved 
northwestward against the North American plate 
along the 5an Andreas fault (p. 128). Although this 
earthquake was of magnitude 8.3, it caused little 
damage outside California because its shock waves 
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A fold-and-thrust belt has formed above the 
Main Central Thrust and Main Boundary faults 
where these faults approach the surface at the 
southern margin of the Himalayas (Figure 7-9C). 
In the foreland basin to the south of this belt, a 
huge body of sediment, the Siwalik beds, has 
formed from material that has eroded from the 
mountains. The Siwaliks, which are famous for 
having yielded large numbers of fossil mammals of 
Neogene age, constitute molasse that has accu- 
mulated in a foreland basin that formed where the 
crust has been depressed by the adjacent moun- 
tain chain. This foreland basin has never been 
deep enough to admit the ocean, however, so it 
has received only nonmarine sediments. As the 
fold-and-thrust belt has continued to advance, it 
has deformed some of the Siwalik strata. 

It has been suggested that as the Indian craton 
pushes northward into the Eurasian landmass, it is 
squeezing the larger landmass toward the east. 
According to this notion, Asia can be compared to 
a tube of toothpaste being squeezed by a thumb 
(India) toward the tube's open end (the Pacific 
Ocean). Slices of crust move past one another 
along strike-slip faults. Earthquakes still rumble 
through the Himalayan region as a result of move- 
ment along faults, and there is every reason to 
believe that mountain building here is far from 
Over. 


THE APPALACHIANS: AN ANCIENT 
MOUNTAIN SYSTEM 


The Appalachians are a much older system than 
either of the two youthful, rugged mountain belts 
we have examined so far. Their internal structures 
were formed mainly during the Paleozoic Era, 
more than 200 million years ago. The heavily 
eroded surface of the Appalachians gives them a 
look of antiquity. In fact, even the modest topo- 
graphic relief that the mountain chain displays is 
largely of Cenozoic origin; by late Mesozoic time, 
the original Appalachians had been worn down. 
The hills and mountains that we now call the Ap- 
palachians were formed by subsequent rejuvena- 
tion of the region — a process consisting of gentle 
uplift followed by slow erosion of resistant bodies 
of rock and more rapid erosion of weak ones. 
Much of the heavily eroded Appalachian system 
now lies beneath thick Mesozoic and Cenozoic 


causing more than $10 million in damages in 
California as well as more than 2400 human 
injuries. 

Only rarely does an earthquake that registers 
higher than 8 on the Richter scale originate in the 
middle of a continent. In 1911 and 1912, however, 
earthquakes of this magnitude shook a vast area of 
the United States. They were named the New Ma- 
drid earthquakes, after a town close to their place 
of origin in Missouri. Because these earthquakes 
shook the rigid craton, their shock waves traveled 
great distances, ringing church bells and cracking 
pavement as far away as the District of Columbia. 
Fortunately, so few towns had been built west of 
the Appalachians by 1811 that the New Madrid 
earthquakes caused no more than about ten human 
deaths. Even though the New Madrid earthquakes 
originated far from any plate boundary, they also 
resulted from plate movements. They were caused 
by movement along faults that formed long ago, in 
Proterozoic time, along a failed rift that sliced into 
the southern flank of North America. The Missis- 
sippi River follows the axis of the ancient rift, where 
Earth's crust remains thin and weak even though 
the faults lie buried beneath Phanerozoic sedi- 
ments. Every year many tiny earthquakes vibrate 
the land near New Madrid without attracting the 
average resident's notice. An earthquake that rivals 
those of 1911 and 1912 would damage human 
constructions across a large region of the United 
States. Such an event may not occur for many dec- 
ades or centuries, but long-range predictions are 
impossible. Episodic movements along the ancient 
faults, some small and some large, apparently re- 
sult from stresses produced by North America's 
movement over the asthenosphere. 

Only early warnings, safety instruction, and 
construction of resilient buildings can protect popu- 
lations against earthquakes. Less than two years 
before the catastrophic 1976 earthquake in China, 
earth movements damaged hundreds of buildings in 
the Chinese city of Haicheng. Weeks before the 
crisis began, however, sensitive instruments had 
detected subtle but ominous geologic changes, in- 
cluding a slight tilting of the land. The instruments' 
warning led to evacuation before Earth began to 
shake, and casualties were relatively light. 
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FIGURE 7-10 Geologic provinces of the Appalachian 
region. A portion of the original Appalachian mountain 
system has been leveled by erosion and buried beneath 
the Coastal Plain. (Modified from G. W. Colton, in G. W. 
Fisher et al. [eds.], Studies of Appalachian Geology: Cen- 
tral and Southern, John Wiley d» Sons, Inc., New York, 
1970.) 
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deposits of the Atlantic Coastal Plain and the con- 
tinental shelf. This buried portion of the Appala- 
chians can be studied only through the use of 
complex and costly techniques such as seismic 
analysis and drilling. 

In our examination of the Appalachian moun- 
tain system, we will review the system's geologic 
provinces, the three episodes of mountain build- 
ing documented in the sedimentary record, and 
the plate movements that caused the intervals of 
mountain building. 


Provinces of the Appalachians 


Eastern North America is divisible into numerous 
discrete geologic provinces (Figures 7-10 and 
7-11). Along the east coast, sediments of the 
Coastal Plain overlap the heavily eroded Appala- 
chian mountain belt, which includes more than 
one province. In the Chesapeake Bay region, 
these sediments overlap the Piedmont Province. 
The Piedmont rocks typify the central and south- 
ern Appalachians in that they are metamor- 
phosed, intensely deformed, and intruded by 
scattered igneous plutons. A less deformed, rela- 
tively unmetamorphosed zone, the Valley and 
Ridge Province, lies closer to the continental inte- 
rior than does the Piedmont. Still farther inland 
are the slightly uplifted and only mildly deformed 
Appalachian plateaus. 

The gradient from intense deformation in the 
Piedmont to weak deformation in the platcaus re- 
sembles the gradients in the Andes (Figure 7-5) on 
the inland side of the axis of igneous activity; thus 
it would appear that the exposed Appalachians 
represent the inland flank of a mountain system. 
We know little about the structure of the central 
axis and the other flank, however, because for the 
most part they lie buried beneath sediments of the 
Coastal Plain and the submerged continental 
shelf. Before delving into the history of the Appa- 
lachians, let us take a closer look at the present 
structure of the Valley and Ridge and Piedmont 
provinces as well as the narrow Blue Ridge Prov- 
ince, which lies between them. 

The Valley and Ridge Province is so named 
because of its many structural folds and faults; the 
Piedmont is much less rugged terrain (Figure 
7-11). The Valley and Ridge Province, which has 
been described as the most elegant folded moun- 
tain belt on Earth, is what many nongeologists 
think of asthe Appalachian Mountains. In fact, this 
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Province is separated from the Valley and Ridge Prov- 
ince by the conspicuous Blue Ridge Province. (Modifed 
from J. S. Shelton, Geology Illustrated, W. H. Freeman 
and Company, New York, 1966.) 


the north, fewer thrust faults reach the present 
erosion surface, and folding is a more conspicuous 
feature of the landscape. Many of the thrust faults 
descend to a basal thrust that slopes uphill in 
the direction of thrusting. It is clear from this 
evidence that the lowest Appalachian thrust 
sheets moved uphill toward the interior of the 
continent. 


FIGURE 7-11 Aerial view and idcalized cross section 
of the Appalachian region. The aerial view is toward the 
northeast. Sediments of the Coastal Plain lap up on the 
worn-down eastern portion of the Appalachian system. 
To the west of the Coastal Plain, the low-lying Piedmont 


province constitutes the western fold-and-thrust 
belt of the Appalachian system. Sedimentary 
rocks have been folded and transported toward 
the continental interior as immense thrust sheets. 
In the southern Appalachians, many thrust faults 
are exposed at the surface. Strata above the basal 
thrust in many places have been telescoped to 
half their original horizontal span or less. In 


Three Orogenic Episodes 


The Appalachian system was produced not by a 
single orogenic episode but by three successive 
episodes, all of which oceurred during the Paleo- 
zoic Era. 

The stratigraphic record in the Valley and 
Ridge Province reflects a history of sediment dep- 
osition that reveals much about the sequence of 
mountain building in the Appalachians. The most 
obvious feature of the block of sedimentary rocks 
within the Valley and Ridge Province is its ex- 
treme thiekness along the southeastern margin of 
the provinee; the block thins toward the continen- 
tal interior (Figure 7-13). Within this block of 
sediments are two large packages, one resting on 
top of the other. Each of these packages repre- 
sents a tectonic cycle of deposition consisting of 
three units. The first of these units represents 
stable, preorogenie conditions, and the second 
and third represent orogenic conditions. 

More specifieally, the basal unit of the tec- 
tonic cycle contains shallow-water sedimentary 
deposits consisting primarily of sandstones and 
carbonates laid down on a shallow platform. This 
sequence formed during a period of tectonie qui- 


FIGURE 7-12 The Blue Ridge Moun- 
tains of Virginia. (Peter Kresan.) 


170 PART III Movements of Earth 


The Piedmont Province includes the zone of 
intense deformation to the southeast of the fold- 
and-thrust belt. As we will see, many segments of 
Piedmont terrane. were formed from blocks of 
crustal rock that were welded to the North Ameri- 
can craton during the orogenic events that pro- 
duced the Appalachians. Because of their proxim- 
ity to the eastern margin of the craton during 
orogenesis, these blocks suffered intrusion from 
igneous arc activity and also experieneed meta- 
morphism and intense folding. Roeks of the Pied- 
mont behaved in a less brittle fashion than those of 
the nearby fold-and-thrust belt; their plastieity 
under high temperatures and pressures eontorted 
them into complex patterns. 

The Piedmont is separated from the Valley 
and Ridge by the narrow Blue Ridge Province. 
Geographers have applied the name Blue Ridge to 
a conspicuous chain of hills in Virginia (Figure 
7-12); however, the Blue Ridge Province also in- 
cludes the Great Smoky Mountains farther south 
and the Grecn Mountains of New England. This 
province consists primarily of a band of crystalline 
rocks of the Precambrian basement that moved 
upward along thrust faults during the formation of 
the Appalachian system. 
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During mid-Ordovician time, the depositional 
framework along the east coast changed drasti- 
cally. Carbonate deposition ceased, and flysch de- 
posits such as the Martinsburg Formation and 
other deep-water units were laid down. Deposi- 
tion of black shale predominated at the outset of 
this activity; later, turbidites became prevalent 
(Figure 7-13). That all these deposits derived 
from an eastern source is indicated by sole mark- 
ings in the Martinsburg turbidites (Figure 3-33). 

The orientation of the foreland basin and the 
arrival of siliciclastic sediments from the southeast 
indicate that by this time mountain building had 
begun to the southeast. Radiometric dating of 
igneous rocks in the Piedmont Province confirms 
the existence of a Middle and Late Ordovician 
episode of mountain building now known as the 
Taconic orogeny. 

Eventually sediment was being supplied by 
the eastern area of uplift faster than the mountains 
were subsiding. Near the end of the Ordovician 
Period, flysch gave way to molasse in the form of 
shallow marine and nonmarine clastics, some of 
which were red beds. Thus, in the central Appala- 
chians, the Juniata and Tuscarora formations con- 
sist of coarse shallow marine and nonmarine de- 
posits in a clastic wedge or molasse sequence that 
tapers out toward the northwest. Cross-bedding 
and other features reveal that this was indeed the 
primary direction of transport. This clastic wedge 
represents the final interval of the first tectonic 
cycle of deposition in the Appalachians. During 
the Silurian Period, coarse sediments ceased to 
arrive from the east, signaling that the Taconic 
orogeny had ended and that the Taconic Moun- 
tains had been effectively leveled by erosion. 


Plate Movements Responsible for the 
Taconic Orogeny 


Since the advent of plate tectonics, there has been 
much interest in reconstructing the movements of 
lithospheric plates that were responsible for Ap- 
palachian mountain building. 

One difficulty in reconstructing plate move- 
ments is that a key form of evidence, paleomagne- 
tism, gives information only about the latitudinal 
position and orientation of ancient continents; it 
tells us nothing about continental movements in 
an east-west direction (p. 137). This limitation is 


escence in the region, when there was little 
mountainous terrain to supply siliciclastic sedi- 
ments. The sequence was deposited when the 
eastern margin of North America was a passive 
margin. 

The second unit consists of deep-water flysch 
deposits that record the existence of a foreland 
basin where the carbonate bank once stood. This 
dramatic change in depositional setting reflects 
the onset of an episode of mountain building to the 
southeast, because it is in this direction that the 
flysch deposits become thicker and more coarsely 
grained. 

The third unit of the tectonic cycle of deposi- 
tion contains shallow marine and nonmarine silici- 
clastics, including some red beds. These molasse 
deposits began to form when the influx of sedi- 
ments from mountain building increased, pushing 
back the waters of the foreland basin (Figure 7-3). 


The First Tectonic Cycle of Deposition in 
the Appalachians 


Let us look in greater detail at the events recorded 
by the first tectonic cycle in the central Appala- 
chians. This cycle began during latest Precam- 
brian time with the deposition of siliciclastic sedi- 
ments derived from the continental interior along 
the stable margin of the North American craton. 
During the Early Cambrian Epoch, seas trans- 
gressed progressively farther over the craton, and 
by the end of the period, the siliciclastics along the 
eastern continental margin had given way to car- 
bonate deposits (Figure 7-13), producing an im- 
mense carbonate platform that stretched from 
Newfoundland to Alabama (Figure 7-14). We 
know that in many places this platform formed a 
steep edge on the continental shelf because deep- 
water deposits to the southeast contain blocks that 
tumbled down from the shelf (Figure 7-15). Stro- 
matolites, mud cracks, and other indications of 
intertidal or shallow subtidal conditions indicate 
that the platform itself maintained a position near 
sea level: in this respect, it resembles the modern 
Bahama banks, which are, however, much smaller 
structures (Figure 3-29). As the Cambrian Period 
progressed, the seas transgressed farther and far- 
ther over the continental interior; still, the car- 
bonate platform formed the shelf edge through- 
out Cambrian and part of Ordovician time. 
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FIGURE 7-13 Stratigraphic cross section through the 
central Appalachians west of the Blue Ridge Province, 
with vertical exaggeration. Folds and faults are not 
shown. The thickest deposits lie to the southeast, in the 
Valley and Ridge Province. The thinnest deposits lie to 
the northwest, in the plateau region west of the Appala- 
chians. This package of Paleozoic strata represents two 
tectonic cycles of deposition. Each cycle contains a sedi- 
mentary record of mountain building to the east. In the 
origin of each cycle, flysch and then molasse were de- 
posited in a foreland basin that formed where a shallow 
shelf previously existed. The orogenies that produced 
the cycles are shown on the right. (Modified from G. W. 
Colton, in G. W. Fisher et al. [eds.], Studies of Appala- 
chian Geology: Central and. Southern, John Wiley 4» Sons, 
Inc., New York, 1970.) 
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ing Precambrian rocks. (After H. Williams and R. K. Ste- 
vens, in C. A. Burk and C. L. Drake [eds.], The Geology 
of Continental Margins, Springer Publishing Company, 
Inc., New York, 1974.) 


evident when we consider plate positions during 
Late Ordovician time, when the Taconic orogeny 
took place. 

Paleomagnetic data do indicate that early in 
the Paleozoic Era, North America was separated 
from Europe and Africa by what has become 
known as the Iapetus Ocean. North America was 
at that time part of a large continent known as 
Laurentia, which lay to the northwest of northern 
Europe, which in turn formed a separate conti- 
nent that geologists call Baltica (Figure 7-16). 
Greenland was also part of Laurentia and was at- 
tached to North America, while England, which 
was not yet attached to Scotland, lay far to the 
south. The border of eastern North America con- 
sisted of thelong carbonate platform on which the 
sediments of the first Appalachian cycle were de- 
posited. As we have seen, that carbonate platform 
collapsed during the Ordovician Period and a 
foreland basin was formed. What Bici move- 
ments led to this change? 

Considerable narrowing of the Iapetus Ocean 
between Laurentia and Balticais suggested by the 
composition of shallow-water marine faunas of 
Ordovician age in North America and Europe. 
While Lower Ordovician faunas of the two conti- 
nents are quite different, Upper Ordovician fau- 
nas are similar. Apparently the Iapetus Ocean was 
narrow enough by late Ordovician time to permit 
many species to cross from one side to the other. 
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FIGURE 7-14 Shallow-water Cambro-Ordovician de- 
posits representing an ancient carbonate bank along 
the eastern margin of North America. The dashed line 
shows the easternmost outcrops of those deposits. In 
some places erosion has removed the carbonates, expos- 
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FIGURE 7-15 A bed of breccia vimm ure Frederick 
Limestone of central Maryland. The clasts of the brec- 
cia are pieces of shallow-water limestone that slid over 

the edge of the Cambrian carbonate platform into deep 
water. A hammer rests on the outcrop. (R. Demicco.) 
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FIGURE 7-16 Positions of landmasses and the Iapetus 
Ocean in Middle Ordovician time. (After C. R. Scotese 
et al., Jour. Geol. 87:217- 268, 1979.) 


Paleomagnetic data also reveal that during 
Ordovician time, Baltica was moving northward 
toward North America. For this to happen, oce- 
anic lithosphere between the two continents had 
to be disappearing along a subduction zone. The 
question is: Did the two continents eventually col- 
lide and become sutured together? Paleomag- 
netic data are not precise enough to settle the 
question. The answer is provided, however, by 
rocks that became attached to the margin of North 
America at this time. These rocks are now situated 
in New England and adjacent areas of Canada, 
where they constitute exotic terranes. An exotic 
terrane is a block of lithosphere that has been 
sutured to a much larger continent. Figure 7-17 


FIGURE 7-17 Exotic crustal blocks in the Appala- 
chians. As would be expected, the older blocks (those 
accreted to the craton before the Late Ordovician Ta- 
conic orogeny) lie inland from the Avalon blocks, which 
were accreted during the mid-Paleozoic Acadian orog- 
eny. The Cambrian trilobite Paradoxides, which is found 
in the Avalon exotic blocks, is a genus that is also found 
in Europe but not in rocks of the original North Ameri- 
can craton. The Taconic ranges and other small exotic 
blocks that rest on rocks of the original craton were 
thrust from the east during the Taconic orogeny (Figure 
7-19). (Modified from H. Williams and R. D. Hatcher, 
Geology 10:530- 536, 1982.) 


mountains, and sediment from the mountains 
began to accumulate here as flysch. 

As the island arc and the continent continued 
to converge into Late Ordovician time, folding 
and thrusting moved progressively farther inland. 
The flysch that was shed from the newly forming 
mountains was caught up in the deformation along 
the suture zone along with deep-sea deposits that 
had originally accumulated on the continental rise 
of North America. Eventually these deep-sea de- 
posits moved along thrust faults over depressed 
rocks of the carbonate platform (Figure 7-19). 
Today these transported deep-sea deposits form 
the Taconic mountain ranges of New York State 
and nearby areas (Figure 7-17). 

Near the end of the Ordovician Period, the 
collision of the arc and the continent proceeded 
until sediment was shed very rapidly from the new 
mountain chain, choking the foreland basin and 
expelling the sea. Thus began the interval of 
molasse deposition depicted in Figure 7-13: The 
first tectonic cycle of deposition entered its final 
phase. 


The Acadian and Alleghenian Orogenies 


The second and third mountain-building episodes 
that contributed to the Appalachian system were 
the Acadian orogeny of the Devonian Period and 
the Alleghenian orogeny of the Late Carbonifer- 
ous Epoch. These events, like the Taconic orog- 
eny, lcft their mark in the form of rocks still visible 
in the Appalachian region. Also like the Taconic, 
the two later orogenic episodes have been ex- 
plained in terms of major movements of litho- 
sphcric plates. Unlike the Taconie orogeny, 
however, the Acadian and Alleghenian orog- 
enies were associated with major continental eol- 
lisions—the suturing of North America first to 
northern Europe and later to Africa. 


The Second Tectonic Cycle of Deposition in the 
Appalachians The Silurian Period was an inter- 
val of renewed quiescence along the Atlantic coast 
of North America. Orogenesis presumably ended 
when the margin of North America, wedged be- 
neath the igneous arc, blocked further subduction 
so that both convergence and igneous activity 
ceased. 

Well before the end of Silurian time, the 
mountains that had formed during the Taconic 


176 PART III Movements of Earth 






Silurian 
sediments 


Middle 
Devonian 
pluton 


FIGURE 7-18 Recognition of exotic blocks of crust in 
the Appalachians. In this hypothetical illustration, two 
adjacent blocks can be distinguished from each other 
because they are characterized by different kinds of 
Lower Ordovician sediments that do not intergrade 
(shale is in the western block and sandstone is in the 
eastern block). The Early Silurian sediments that blan- 
ket the two blocks of crust and the Middle Devonian 
pluton that cuts through both of them are not deformed 
in the manner of the Lower Ordovician sediments. This 
pattern indicates that the two blocks wcre deformed and 
welded together during the Late Ordovician Taconic 
orogeny. 
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Lower Ordovician sediments 


displays these terranes and others that were at- 
tached to North America during a subscquent 
orogenic interval. Figure 7-18 indicates how 
geologists identify an exotic terrane and esti- 
mate the time at which it was sutured to a host 
continent. 

The exotic terrane that was accreted to north- 
eastern North America during the Ordovician Pe- 
riod contains large volumes of rocks produced by 
the igneous activity of island arcs. These igneous 
rocks indicate that the Taconic orogeny was initi- 
ated during Middle Ordovician time by the colli- 
sion of North America with an island arc, which 
constituted a microcontinent, not by collision 
with Baltica. During this collision, the island arc 
overrode the North American continental shelf, 
depressing the carbonate platform and forming a 
chain of mountains along its margin (Figure 7-19). 
The downward flexure of the continental crust 
produced a foreland basin to the west of the 
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ary wedge bordering the island arc was thrust over the 
continental margin, as were deep-water deposits that 
had accumulated along the continental rise of North 
America, in front of the carbonate bank. The island arc 
thus joined North America as an exotic terrane. 


built westward, pushing back the waters of the 
foreland basin. Thus began the molasse phase of 
the second tectonic cycle of deposition. The great 
thickness of the Late Devonian clastic wedge in 
the northern and central Appalachians (Figure 
7-13) indicates that the Acadian orogeny elevated 
very large mountains to the east. 

In fact, as we will see shortly, these mountains 
were uplifted by the collision of North America 
and northern Europe. During the Late Devonian 
phase of molasse deposition, sands accumulated in 
nonmarine environments to the east and spread to 
marine environments of the foreland basin farther 
west. In Late Devonian time, these sediments 
formed what is often called the Catskill delta, the 
thickest accumulation of which is in New York 
State. In fact, the Catskill was not asingle delta but 
a complex of alluvial, deltaic, and submarine envi- 
ronments. Some of the meandering-river deposits 
are red beds resembling some of the molasse units 
of the first Appalachian tectonic cycle. In places 
meandering-river sequences are piled on top of 
one another to great thicknesses (Figure 3-15). 
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FIGURE 7-19 The plate movements that in mid- 
Ordovician time transformed the passive margin of 
northeastern North America (A) into a foreland basin 
(B). When the passive margin, which supported a car- 
bonate bank, encountered an island arc, the accretion- 


orogeny were leveled by erosion. Seas then 
flooded the new, passive continental margin. 
During the remainder of the Silurian and part of 
the Devonian, shallow-water carbonates of the 
Helderberg Group accumulated over a broad 
shelf along this margin. These sediments are suc- 
ceeded in places by a thin body of clean, well- 
sorted quartz sand. This unit, known as the Oris- 
kany Sandstone (Figure 7-13), was deposited 
along the beach that fringed the Devonian sea. 

The shallow-water deposits at the base of the 
second tectonic cycle of deposition, like those at 
the base of the first cycle, were succeeded by 
flysch deposits, including the Woodmont Shale of 
Figure 7-13, during Early Devonian time. This 
activity signaled the origin ofa new foreland basin 
as well as the onset of the Acadian orogeny. As in 
the first cycle, flysch deposition was character- 
ized by the initial accumulation of mud through- 
out most of the foreland basin and later by the 
predominance of turbidite deposition. 

Near the beginning of Late Devonian time, as 
the Acadian orogeny intensified, clastic wedges 


clastic wedge of New York and Pennsylvania (Fig- 
ure 7-13); likewise, similar fossil freshwater fishes 
of Devonian age are found in Britain and eastern 
North Ameriea. These similarities reflect the fact 
that the Acadian/Caledonian suturing of Baltica 
to North America formed what is called the Old 
Red Sandstone continent, which we will discuss 
in more detail in Chapter 11. 

Dates of igneous activity, folding, and fore- 
land basin deposition all reveal that Acadian/ 
Caledonian orogenic activity began in the north 
and spread southward. This activity was under 
way in Greenland and Scandinavia by mid-Silurian 
time, but it did not begin in the central Appala- 
ehian region until mid-Devonian time. 
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FIGURE 7-20 World geography during Acadian/Cale- 
donian mountain building. The suture (broken line) 
marked the disappearance of the Iapetus Ocean by 
Early Devonian time. Newly formed mountains (the Ap- 
palachians and Caledonides) are shown in color. The 
question mark between Gondwanaland and the Old Red 
Sandstone continent indicates that there is uncertainty 
whether there was a broad sea here or whether Gond- 
wanaland lay closer to North America, perhaps even 
taking part in the Caledonian orogeny. (Modified from 
C. R. Scotese et al., Jour. Geol. 87:217—268, 1979.) 
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Remarkably, the molasse phase of the second 
tectonic cycle of deposition continued more than 
50 million years, from Late Devonian time 
through most of the Carboniferous Period. Early 
in Carboniferous time, the rate at which sediment 
was shed from the highlands to the east seems to 
have been reduced for a time, suggesting that 
the Acadian highlands may have been subdued 
by erosion. The rate of influx increased again, 
however, leading to the accumulation of thick 
siliciclastic units such as the Mauch Chunk and 
Pottsville formations (Figure 7-13), which are 
meandering-river deposits. This evidence sug- 
gests that there was a lull in mountain-building 
activity followed by another large orogeny during 
the Carboniferous Period. Additional support for 
this inference is supplied by dating of igneous and 
metamorphic rocks in the Piedmont, which re- 
veals a pulse of igneous activity centered in Late 
Carboniferous time and perhaps extending into 
the Permian Period. This pulse is called the Al- 
leghenian orogeny. 

Thusthe thick molasse sequence ofthe second 
tectonic cycle represents sediment shed from 
mountains that formed during two successive oro- 
genic episodes, the Acadian and the Alleghenian. 
The second followed so closely upon the first that, 
although the supply of silieiclastic sediment 
slowed in the interim, it never fully stopped. It 
seems evident, therefore, that some highlands re- 
mained in the region of orogenic activity and that 
the continued accumulation of molasse right up to 
the start of the Alleghenian orogeny prevented 
the foreland basin from becoming deep enough to 
permit flysch to be deposited when the Alleghe- 
nian orogeny began. As we will see in greater de- 
tail shortly, the second pulse of orogeny resulted 
from the collision of North America with Africa. 
Before considering this event, we must examine 
the cause of the Acadian orogeny. 


Plate Movements and the Acadian Orogeny 
Although the Taconic orogeny was not associated 
with a collision of large continents, there is clear 
evidence of such a collision during the middle 
Paleozoic Acadian orogeny. The Acadian event 
is known as the Caledonian orogeny in Europe, 
where it affected Scandinavia and Great Britain 
(Figure 7-20). 

Many nonmarine deposits of the Old Red 
Sandstone Formation of northern Britain resem- 
ble sediments of the Upper Devonian Catskill 
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turing event in the creation of Pangaea, and it 
produced mountains not only in eastern North 
America but also along the Gulf Coast (the Oua- 
chita Mountains) and in southern Europe and 
northwestern Africa. Later Europe became at- 
tached to Asia, and this suturing produced the 
elevation of the Ural Mountains (Figures 7-21 and 
7-22). 

The geologic structures produced by the AI- 
leghenian orogeny are very much in evidence 
in the Appalachians today, because this was the fi- 
nal Appalachian orogeny, and its effects have 
not been masked by later episodes of mountain 
building. 

In the southern Appalachians, the segment of 
the Piedmont lying inland of the Avalon-like block 
is of uncertain origin, but seismic studies suggest 





Equator 


Africa ارس‎ 
FIGURE 7-21 Alleghenian mountain building (col- 
ored area) during Late Carboniferous time. North- 
ward movement of Gondwanaland late in Paleozoic time 
closed off the western end of the Tethys Sea. Mountain 
building occurred not only here, where Gondwanaland 
was sutured to North America, but also to the east, 
along the southern margins of Great Britain and Eur- 
asia. (Modified from C. R. Scotese et al., Jour. Geol. 87: 
917-968, 1979.) 


As it turns out, there was more to the Acadian 
orogeny than the collision of North America with 
Baltica, which united Baltica with northern Can- 
ada and Greenland. To the south of this region 
there was also orogenesis, but of a different type. 
Here, after the Old Red Sandstone continent 
formed, North America collided with an island 
arc, probably along the same subduction zone that 
caused continental suturing to the north. Part of 
this island arc survives in the Appalachians today 
as exotic blocks known as the Avalon terrane. 

In New England and southern Canada, the 
Avalon terrane was accreted to exotic terranes 
that had been attached to North America during 
the earlier Taconic orogeny (Figure 7-17). Blocks 
of the Avalon terrane range in age from Precam- 
brian to Ordovician. They include mafic and ul- 
tramafic bodies of rock that have been interpreted 
to represent ophiolites, and they also comprise 
large volumes of extrusive igneous rocks of types 
produced by island arcs. Thus the history of the 
Avalon terrane appears to resemble that of the 
terrane added to North America during the Ta- 
conic orogeny: The Avalon terrane was an island 
arc that was sutured to eastern North America 
during the Acadian orogeny after Baltica and 
Laurentia collided. Perhaps this arc extended 
southward from the southern end of Baltica as this 
continent approached North America to form the 
Old Red Sandstone continent (Figure 7-20). 

Long ago it was noted that Cambrian trilobite 
faunas of the Avalon and related terranes contain 
such genera as Paradoxides that are also found in 
European faunas (Figure 7-17). It seemed strange 
that typical American faunas should be found in 
western Newfoundland, just a short distance in- 
land from these exotic faunas. Plate tectonics ex- 
plains the puzzle with the revelation that the Ava- 
lon terrane became attached to North America 
during the Acadian orogeny. It brought with it 
fossil trilobites related to those of Baltica—the 
continent with which it traveled westward to 
North America. 


Plate Movements and the Alleghenian Orog- 
eny In Early Carboniferous time it lay farther 
south, separated from the northern continent bya 
tropical seaway. The closure of this seaway and 
the attachment of Gondwanaland to the Old Red 
Sandstone continent in Late Carboniferous time 
were associated with the Alleghenian orogeny in 
the Appalachian region. This was the primary su- 


PLATE TECTONIC EVENTS 





Suturing of Laurentia to Baltica to 
form Old Red Sandstone continent 
in the north; collision of Laurentia 
with an island arc (Avalon terrane) 
in the south. Possibly Gondwanaland 
was also briefly sutured to the Old 
Red Sandstone continent 






Convergence, but not contact, 
of Laurentia and Baltica; collision 
of Laurentia with island arc 


MAIN DEPOSITIONAL FEATURES 


Continuation of molasse deposition 


Collapse of Siluro-Devonian 
carbonate platform bounding 
North America and origin of a 
foreland basin that received flysch 


(Origin of new carbonate platform) 


Collapse of Cambro-Ordovician 
carbonate platform bordering 
North America and origin of a 
foreland basin that received flysch 
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FIGURE 7-22 Summary of Appalachian orogenic events. 


went the folding and thrusting that give them their 
present configuration. These features of the Ap- 
palachian mountain belt indicate that the collision 
of the Old Red Sandstone continent with Gond- 
wanaland had profound effects. 

As we will see in later chapters, the Appala- 
chians were largely leveled by erosion during the 
Mesozoic Era, when an episode of rifting sepa- 
rated North America from Europe and Africa, 
creating the Atlantic Ocean. The moderate eleva- 
tion of the Valley and Ridge Province that we see 
today has resulted from secondary uplift, proba- 


that this inner Piedmont is underlain by sedimen- 
tary rocks like those of the Valley and Ridge Prov- 
ince further inland. Thus it appears that the highly 
metamorphosed and deformed rocks of the south- 
ern inner Piedmont have been thrust hundreds of 
kilometers inland over rocks of the fold-and- 
thrust belt. This movement seems to have oc- 
curred during the Alleghenian orogeny, when 
igneous plutons were also emplaced in the Pied- 
mont. At the same time, farther inland, rocks of 
the Valley and Ridge Province, which range in age 
from latest Precambrian to Carboniferous, under- 
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leozoic carbonate platform that had extended 
along most of the eastern margin of North Amer- 
ica. The second and third were associated with the 
coalescing of continents to form the superconti- 
nent Pangaea. As the Appalachians formed, small 
blocks of crust were added to the margin of North 
America. 


EXERCISES 


1 Where does a foreland basin develop in a typi- 
cal mountain chain? 


2 What is flysch and where does it form? 


3 What is molasse? Why does it normally accu- 
mulate after flysch? 


4 Why are the Andes Mountains taller than the 
Appalachians? 


5 How can mountain chains form without conti- 
nental collision? 


6 Why do mountains have roots? 


7 Are the ophiolites found within a mountain 
chain episode normally older or younger than 
the foreland basin deposits? 


8 Examine a world map or globe to locate moun- 
tain chains that are not discussed in this chapter. 
Then locate these chains on the plate-tectonic 
map of the world (Figure 6-1). See if you can 
figure out how the presence of each mountain 
system might relate to plate-tectonic processes. 
(Some of the answers will appear in the chapters 
that follow.) 
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bly caused by isostatic adjustment during the Ce- 
nozoic Era. It was also during the Mesozoic Era 
that Pangaea broke apart to form new oceans, in- 
cluding the Atlantic. The Atlantic Ocean basin 
formed by the origin of a great rift system along 
which the basin is still expanding (Figure 6-4). 
When rifting was initiated, it did not precisely 
follow the ancient margin of the North American 
craton, however —the margin along which the 
great carbonate platform had stood in Cambrian 
and Early Ordovician time (Figure 7-14). Instead, 
Mesozoic fracturing followed a line slightly far- 
ther to the east, leaving attached to North Amer- 
ica the slivers of exotic terrane that today reveal so 
much about the history of Appalachian mountain 
building (Figure 7-17). 


CHAPTER SUMMARY 


1 A mountain chain forms when two continental 
blocks converge along a subduction zone. The Hi- 
malayas have formed in this way. 


2 A mountain chain also forms when the edge ofa 
moving continent encounters a subduction zone. 
This situation is causing the elevation ofthe Andes 
today. 


3 The Himalayas have been elevated because the 
crustal block that now forms peninsular India has 
been forced beneath the margin of Asia, doubling 
the thickness of the crust. 


4 The Appalachian mountain system displays a 
sedimentary sequence characteristic of mountain 
building. The sequence begins with shallow- 
water sediments that have been deposited along a 
continental border. When mountain building 
began along the border, a foreland basin was cre- 
ated by a downwarping of the crust inland from 
the orogenic activity. This foreland basin became 
the site of deposition for flysch in the form of 
shales and graywackes of deep-water origin. 
Eventually the foreland basin became choked 
with sediment from the young mountains and 
deep-water flysch deposits gave way to shallow 
marine and nonmarine clastic sediments, known 
as molasse. 

5 In the Appalachians, three episodes of moun- 


tain building are evident in the sedimentary 
record. The first destroyed an enormous early Pa- 
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THE PRECAMBRIAN 
WORLD 


arth came into being about 4.6 billion years ago, forming — with 

ı the other planets of our solar system — from a whirling cloud of 
dust. During the first billion years or so of Earth history, continents 
were small, volcanism was widespread, and life consisted of bacteria 
and their lowly relatives. During this Archean Eon, radioactive ele- 
ments were abundant iu the lithosphere and released heat at a high 
rate. By the beginning of the Proterozoic Eon, however, Earth had 
cooled, larger continents were forming, and modern plate-tectonic 
processes were in operation. In the course of Proterozoic time, cells 
more advanced than bacteria arose within aquatic environments, and 
from them multicellular plants and animals evolved. 





Lightening and eruptions from a volcano in Japan illuminate the night sky. Early 
in Precambrian time, in the absence of higher life, physical processes like these 
played a conspicuous role at Earth’s surface. (Nishiinoue/Sipa Press.) 
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e Archean Eon of Precambrian Time 


such a large span of geologic time, Precambrian 
rocks form less than 20 percent of the total area of 
rocks exposed at Earth’s surface (Figure 8-1). 
Erosion has destroyed many Precambrian rocks, 
and metamorphism has so altered others that they 
can no longer be dated and therefore cannot be 
recognized as Precambrian. Still other Precam- 
brian rocks lie buried beneath younger sedimen- 
tary and volcanic rocks. Index fossils are seldom 
found in Precambrian rocks because primitive or- 
ganisms without durable skeletons predominated 
until the end of Precambrian time. As a result, 
stratigraphic correlation of Precambrian rocks has 
been based largely on radiometric dating. 

Most geologic information about the Precam- 
brian has been derived from cratons, those large 
portions of continents that have not experienced 
tectonic deformation since Precambrian or early 
Paleozoic time. All the continents of the present 
world include cratons that consist primarily of 
Precambrian rocks (Figure 8-2). A Precambrian 
shield is a largely Precambrian portion of a craton 
that is exposed at Earth's surface. The largest is 
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the last century, the interval of Earth his- 
t preceded the Phanerozoic Eon has 
as the Precambrian. Although the 
brian has no formal status in the geo- 
cale, it has traditionally been em- 
ugh it did. The Precambrian includes 
rcent of geologic time, ranging from 
ears ago, when Earth formed, to the 
he Cambrian Period about 4 billion years 


eons are formally recognized within the 
: the Archean and the Proterozoic. 
| Eon includes about 45 percent of 
ry — the interval from about 4.6 to 
years ago. During the Archean Eon, 
vent enormous physical changes and 
.d on its surface. Many details of Ar- 
ry, however, remain unknown or 
rstood. 

much less is known of both the Ar- 
roterozoic eons than of the succeed- 
oic Eon. One reason for this discrep- 
at, although the Precambrian constitutes 


sstern Canada the Canadian Shield is a largely 
imbrian terrane that was scoured by glaciers 
ent Ice Age and is now dotted by lakes. 
۱ raph shows outcrops of numerous dikes that 
| when magma forced its way into giant cracks in 
rian crust. (R. S. Hildebrand, Geological 
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A. M. Goodwin, in B. F. Windley [ed.], The Early History 
of the Earth, John Wiley & Sons, Inc., New York, 1976.) 


cambrian shields, but their elevated topography 
was destroyed long ago by erosion. Today the only 
Precambrian rocks that stand at high elevations 
within mountain ranges are those that have been 
uplifted by Phanerozoic orogenies. 

It was during the Archean Eon that Earth ac- 
quired its basic configuration, with the mantle and 
crust surrounding the core (p. 14). Early in Ar- 
chean time, Earth's crust seems to have differed 
from what it is today. Earth was much hotter than 
itis now, and apparently there were no large felsic 
cratons. By the end of Archean time, however, 
large cratons had begun to form, and plate- 
tectonic processes were modifying these cratons 
in the same way that they do now. The transition 
to this modern style of tectonism ushered in the 
Proterozoic interval of Precambrian time (dis- 
cussed in Chapter 9). In the absence of useful 
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FIGURE 8-1 Distribution of Precambrian rocks in the 
modern world. Note that these rocks form or underlie 
most of the cratonic area of the modern world. (After 


the vast Canadian Shield, which has recently 
(geologically speaking) become more fully ex- 
posed by the action of Pleistocene glaciers (p. 
184). Although shields contain some sedimentary 
rocks, they consist primarily of crystalline (ig- 
neous and metamorphic) rocks. As we will see, 
mountain belts that formed during Precambrian 
time left traces that can be recognized within Pre- 


Young Phanerozoic 
mountain 
Sea belt 





FIGURE 8-2 A Precambrian shield flanked by 
younger (Phanerozoic) mountain belts and sedi- 
ments, 
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Precisely when the planets came into being 
has been a more difficult issue for scientists to 
resolve. Astronauts report that the most beautiful 
object they see from space is Earth, whose surface 
is partially blanketed by swirling white clouds set 
against the blue background of extensive oceans 
(Figure 8-3). But while Earth’s water is aestheti- 
cally pleasing and necessary for life, its abundance 
near the planet’s surface makes rapid erosion in- 
evitable. Continuous alteration of the crust by 
erosion and also by igneous and metamorphic 
processes makes unlikely any discovery of rocks 
nearly as old as Earth. Thus geologists have had to 
look beyond this planet in their efforts to date 
Earth’s origin. Fortunately, we do have samples of 
rock that are generally believed to represent the 
primitive material of the solar system. These sam- 
ples are meteorites — extraterrestrial objects that 
have been captured in Earth’s gravitational field 
and have subsequently crashed into our planet 
(Figures 8-4 and 8-5). 

Some meteorites consist of rocky material 
and, accordingly, are called stony meteorites 





FIGURE 8-4 Barringer Crater, near Flagstatl, 
Arizona. This fresh crater, which is slightly more than 

1 kilometer (2 mile) in diameter, was created by the 
impact of a meteorite only 25,000 years ago. Numerous 
fragments have been collected nearby. (Meteor Crater 
Enterprises, Inc.) 


biostratigraphic data, the boundary between the 
Archean and Proterozoic intervals is defined by 
its absolute age of 2.5 billion years before the 
present. 

We will begin our review of Archean events 
by considering when and how Earth and other 
planets of the solar system may have formed. We 
will then review evidence that suggests how Earth 
changed during the remainder of Archean time. 


AGES OF THE UNIVERSE AND 
THE PLANETS 


All seriously considered theories of the origin of 
our solar system are based on the premise that its 
planets formed almost simultaneously. Part of the 
evidence for simultaneous origin is the observa- 
tion that the planets’ orbits around the sun lie in 
nearly the same plane. Had the planets formed 
independently, we would expect their orbits to 
occupy different planes. 





FIGURE 8-3 Earth viewed from space. The blue 
regions are oceans and the swirling white masses are 


clouds. (NASA.) 








B 


FIGURE 8-6 The configuration of a spiral galaxy. 

A. This is galaxy NGC 6744. B. In this edge-on view, 
the galaxy’s arms spiral outward from the central bulge. 
(A. Anglo-Australian Telescope Board. B. NOAO.) 


creasing between our galaxy, known as the Milky 
Way, and all others. In fact, all galaxies are moving 
away from each other, so that the universe is ex- 
panding. It is not the galaxies themselves that are 
expanding, but the space between them. What is 
happening is analogous to inflation of a balloon 
with small coins attached to its surface (Figure 
8-7). The coins behave like galaxies: Although 
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(Figure 8-5). Others are metallic and have been 
designated iron meteorites even though they con- 
tain subordinate amounts of elements other than 
iron. Still others consist of mixtures of rocky and 
metallic material and thus are called stony-iron 
meteorites. Meteorites come in all sizes, from 
small particles to the small planets known as aster- 
oids; no asteroid, however, has struck Earth dur- 
ing recorded human history. Many meteorites ap- 
pear to be fragments of larger bodies that have 
undergone collisions and broken into pieces. 

Meteorites have been radiometrically dated 
by means of several decay systems, includ- 
ing rubidium-strontium, potassium-argon, and 
uranium-thorium (p. 86). The fact that the dates 
thus derived tend to cluster around 4.6 billion 
years suggests that this is the approximate age of 
the solar system. After many meteorites had been 
dated, it was gratifying to find that the oldest ages 
obtained for rocks gathered on the surface of the 
moon also approximated 4.6 billion years: This 
must, indeed, be the age of the solar system. An- 
cient rocks can be found on the moon because the 
lunar surface, unlike that of Earth, has no water 
to weather and erode rocks and is characterized 
by only weak tectonic activity. 

Determining the age of the universe, which 
turns out to be more than three times as old as our 
solar system, has been more complicated. Stars in 
the universe tend to be clustered into enormous 
disklike galaxies (Figure 8-6). The distance is in- 





FIGURE 8-5 A stony meteorite. This particular stone 
fell in a meteorite shower near Plainville, Texas. (R. A. 


Oriti. ) 
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have no other young solar systems to observe at 
close range. Scientists can train their telescopes 
on multitudes of large stars in various stages of 
development — but unfortunately, these stars are 
too far away to allow us to observe how planets 
may be forming in association with them. 

Galaxies, which are enormous clusters of stars, 
form by the gravitational collapse of dense clouds 
of gas (mainly hydrogen) into stars. Our galaxy, 
which originated less than 10 billion years ago, is 
made up of approximately 250 billion stars. And 
even after a galaxy is formed by the establishment 
of some stars, secondary stars are continually born 
within its spiral arms, where galactic matter is 
concentrated and the pressure varies (in time and 
space) as matter contracts and expands. 

Today, to explain the origin of our solar sys- 
tem, most experts favor some version of the solar 
nebula theory, which holds that the solar system 
formed from a cloud of particulate matter called 
cosmic dust. The details of this theory, however, 
are widely debated. 


The Sun 


Although all stars form in essentially the same 
manner, their histories vary according to their 
size. Our sun, for example, apparently formed 
from material remaining from a star that im- 
ploded, or collapsed violently, to form heavy ele- 
ments. After this collapse, a supernova— or an 
exploding star that casts off matter of low den- 
sity —was formed. What remained was a dense 
cloud that condensed as it cooled after the explo- 
sion. This dense cloud, or nebula (Figure 8-8), is 
assumed to have had some rotational motion when 
it formed and must then have rotated more and 
more rapidly as it contracted, just as ice skaters 
automatically spin more rapidly (conserving an- 
gular momentum) as they pull in their arms. 


The Planets 


It is possible that the sun formed alone from a 
nebula and then captured a cloud of cosmic dust 
that formed the planets. Alternatively, the sun and 
the planets may have formed from the same dust 
cloud. What does seem certain, however, is that 
the planets formed either during or soon after the 





FIGURE 8-7 An analogy for the expansion of the 
universe. The space between galaxies expands like the 
balloon, but the galaxies themselves, like the coins, do 
not expand but only move farther apart. (Adapted from 
C. Misner, K. Thorne, and J. Wheeler.) 


they do not expand, the space between them does. 
Before the galaxies formed, matter that they con- 
tain was concentrated with infinite density at a 
single point, from which it exploded in an event 
called the big bang. Even after it became assem- 
bled into galaxies, matter continued to spread in 
all directions from the site of the big bang. 

The evidence that the universe is expanding 
makes it possible to estimate its age. This evi- 
dence, called the redshift, is an increase in the 
wavelengths of light waves traveling through 
space —a shift toward the end of the spectrum of 
wavelengths where visible light is red. Expansion 
of the space between galaxies causes this shift by 
stretching light waves as they pass through it. The 
redshift is taking place in light waves emanating 
from all galaxies, and some of these light waves 
reach Earth. The farther light waves have traveled 
through space, the greater the redshift they have 
undergone. For this reason, light waves from dis- 
tant galaxies have larger redshifts than those from 
nearby galaxies. Calculations based on these red- 
shifts indicate that between about 15 and 18 bil- 
lion years ago all of the galaxies would have been 
at one spot, the site of the big bang. This, then, is 
the approximate date of the big bang and the age 
of the universe. 


ORIGIN OF THE SOLAR SYSTEM 
AND EARTH 


We know more about the origin of distant stars 
than we do about the origin of our own solar sys- 
tem. Our solar system formed long ago, and we 


ite is a fragment must have formed soon after the 
elements of the solar system came into being; 
otherwise, the short-lived parent isotopes of 
xenon 129 and plutonium 244 could not have 
been incorporated into the material of meteorites 
in a sufficiently high concentration to leave exces- 
sive amounts of their daughter products. The con- 
clusion is that the sun cannot be very much older 
than the metcorites, the moon, and the planets, 
which have ages of about 4.6 billion years. 

Planets that are positioned far from the sun 
formed largcly from volatile (i.e., easily vapor- 
ized) elements. It would appear that these ele- 
ments were expelled from the hot inner region of 
the nebula to solidify in colder regions far fromthe 
sun. More dense materials tended to be left be- 
hind, and these materials formed thc inner plan- 
ets, including Earth. 

Several steps led to the formation of the plan- 
ets. When the rotating dust cloud reached a cer- 
tain density and rate of rotation, it flattened into a 
disk, and the matcrial of the disk then segregated 
into rings, which later condensed into the planets 
(Figure 8-9). Each planet began to form by the 
aggregation of material within one of these rings. 
The aggregates eventually reached the propor- 
tions of asteroids, which are eommonly about 40 
kilometers (~ 25 miles) in diameter, and coalesced 
to form planets. 

Aftcr the planets formed, the rocky debris left 
behind that we refer to as asteroids remained in 
orbit around the sun. Some of these asteroids sur- 
vive to this day, but most have collided with larger 
planets to become part of them. Others have un- 
doubtedly had their motions so severcly disturbed 
by near collisions that they have passed out of the 
solar system. 

The origin of the moon, which circles Earth, is 
still debated. Was the moon an independent body 
that was captured by Earth’s gravitational field? 
Was it formed when a collision between Earth and 
another planet separated a large ehunk of Earth? 
Or was it accreted from matter in orbit around our 
primitive planet? Lunar rocks obtained in the 
Apollo space program exhibit an isotopic compo- 
sition of oxygen that is remarkably similar to that 
of terrestrial rock. This suggests that the materials 
that constitute the moon formed near Earth from 
the same portion of the solar nebula. (Meteorites, 
in contrast, which are presumed to form in a vari- 
ety of regions, show widely varying isotopic com- 
positions of oxygen.) 
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FIGURE 8-8 A nebula in which stars are being born 
within the constellation Orion. Nebulas such as this are 
the visible features that outline the arms of spiral gal- 
axies. (Anglo-American Telescope Board.) 


birth of the sun. In fact, the sun and the planets 
appear to have originated during an interval of 
time no longer than about 100 million years. This 
has been deduced from the excessive concentra- 
tion in some meteorites of the stable isotopes 
xenon 129 and plutonium 244. ( Excessive” in 
this case means present in an amount greater than 
is normal for meteorites.) Excessive amounts of 
these isotopes in a meteorite indicate that some of 
the short-lived parent isotopes were originally 
present in the meteorite material and then de- 
cayed to xenon 129 and plutonium 224. Thus the 
planet or planetlike body of which such a meteor- 
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the nebula. If the planet is large enough, it may attract 
so much gas and draw it in so closely that the gas forms 
a dense shell representing most of the planetary mass 
(F). (From A. G. W. Cameron, “The Origin and Evolution 
of the Solar System.” Copyright © 1975 by Scientific 
American, Inc. All rights reserved.) 


basins? How did the oceans and the atmosphere 
develop? These are questions that we will con- 
sider in this section. 


The Core, Mantle, and Crust 


Earth’s concentric layers, from the core to the 
atmosphere, are arranged according to density, 
with the least dense layer, the atmosphere, on 
the outside. The explanation would be simple if 
the primordial planet were known to have been 
a molten mass, in which case the high-density 
materials would automatically have sunk toward 


FIGURE 8-9 How a planet forms. The process begins 
when dust grains collide and stick together, forming 
larger and larger clumps (A). The clumps move toward 
the central plane of the nebula and collect into bodies 
the size of asteroids (B). These bodies gravitate into 
clusters (C), and collide (D) to form the nucleus of a 
planet (E). The planet grows and may attract gas from 


HOW EARTH AND ITS FLUIDS 
BECAME CONCENTRICALLY 
LAYERED 


The ideas described earlier in this chapter explain 
the manner in which our planet may have come 
into being, but they do not account for many of 
Earth's particular features. How, for example, did 
the concentric structure ofthe solid planet and the 
fluids above it develop? How did metal and rock 
become segregated into core, mantle, and crust? 
Have there always been continents and ocean 


most of the oxygen in the atmosphere. In the ab- 
sence of plants, less oxygen entered or formed 
within the early Archean atmosphere. The early 
atmosphere would thus have been inhospitable to 
animal life. 

Hydrogen and helium are the only elements of 
low enough density to have escaped from Earth’s 
gravitational field during the period of rapid de- 
gassing. Noble gases (neon, argon, and their 
chemical relatives) — are also relatively rare in 
Earth and its atmosphere today in eomparison 
with their abundance elsewhere in the solar sys- 
tem. Although they are rare, carbon, nitrogen, 
and water are more abundant in Earth than the 
noble gases, and it seems evident that they were 
preferentially retained as a result of being par- 
tially locked up in solid compounds. Noble gases 
rarely combine with other elements. 


The Oceans 


The rapid degassing of the liquid planet released 
hot clouds of water vapor. Initially, Earth's great 
heat would have kept the water in a gaseous state. 
Only when the planet cooled sufficiently would 
water have fallen as rain and remained on Earth as 
lakes, rivers, and oceans. 

Like modern rain, the rains that formed the 
earliest oceans are assumed to have contained few 
salts. Salts accumulated in early seawater by the 
reaction of the water, and of carbon dioxide dis- 
solved within it, with natural minerals such as 
clays and carbonates. Calculations show that sea- 
water should have become approximately as sa- 
line early in Archean time as it is now. Since then, 
salts have been precipitated on the seafloor as 
evaporite sediments about as rapidly as they have 
been added to the oceans, and thus the salinity of 
seawater has not varied greatly. At the same time, 
the global hydrological cycle has moved water but 
not salts from the oceans to the atmosphere and 
back again (Figure 2-7). 


A HOTTER EARTH AND 
SMALLER CONTINENTS 


During Archean time, heat must have flowed up- 
ward through Earth's lithosphere more rapidly 
than it does today, because Earth's radioactive 
"furnace" was hotter. Recall from Chapter 1 that 
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the center while less dense components would 
have floated toward the surface and formed the 
crust. The mantle, which is of intermediate den- 
sity, would then have remained between crust 
and core. 

Was Earth initially molten? Rapid accretion 
would concentrate a great deal of heat, but slow 
accretion would allow components to cool as they 
fell into place. Many experts currently believe 
that Earth accreted components in a solid state 
(Figure 8-9) — but even ifthis was the case, Earth 
must have developed a liquid interior when it 
heated to a critical temperature upon reaching a 
certain size. At this point, gravitational collapse 
would inevitably have moved heavy elements 
(primarily iron) to the center, forming Earth's 
core. Such contraction would then have released 
an enormous amount of energy — enough, some 
claim, to raise Earth's temperature by as much as 
1200*C! Under such conditions, the mantle 
would also have segregated in a liquid state, and 
radioactive elements (especially isotopes of ura- 
nium, thorium, potassium, and rubidium) would 
then have moved to positions near the surface as 
a consequence of their tendency to combine 
chemically with other elements in low-density sil- 
icate minerals. 


The Atmosphere 


The asteroids that coalesced to form Earth were 
too small for their gravitational fields to have held 
gases around them as atmospheres. We can thus 
conclude that Earth did not inherit its atmosphere 
from these ancestral bodies; instead, the gases that 
the primitive planet retained as an atmosphere 
must have been emitted from within Earth after it 
formed, while it was in a liquid state, so that they 
could easily escape to the surface. If the core, 
mantle, and crust became differentiated when 
Earth first became liquefied, extensive degas- 
sing— or loss of gases to Earth's surface — would 
have accompanied this differentiation. 
Degassing by way of volcanic emissions has 
continued to the present, albeit at a much lower 
rate than early in Earth's history. The chemical 
composition of gases released from modern volca- 
noes provides a general picture of what the early 
atmosphere contained: primarily water vapor, hy- 
drogen, hydrogen chloride, carbon monoxide, 
carbon dioxide, and nitrogen. In the modern 
world, plant photosynthesis is responsible for 
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FIGURE 8-10 Decline in the rate at which Earth has 


produced heat through time. (After W. H. K. Lee, Ph.D. 
thesis, University of California at Los Angeles, 1967.) 


ameter of approximately 200 kilometers (~125 
miles) and are distributed in a crescent-shaped 
pattern (Figure 8-11). At first it was not known 
whether the maria were craters produced by vol- 
canoes or were indeed the impact scars of huge 
meteorites, but meteoritic origin has now been 
established by detailed study of the maria and 
neighboring lunar terrane. The entire surface of 
the moon is, in fact, scarred with craters, most of 
which are much smaller than the enormous maria. 
The lunar highlands surrounding the maria consist 
of rock fragments that testify to the pulverization 
of the lunar crust by the impact of falling meteor- 
ites. The maria facing Earth are floored by im- 
mense flows of dark volcanic basalts, which give 
the maria their dusky appearance. These basalts, 
which formed as a result of the heat gener- 
ated by impacts, are themselves scarred by 
smaller craters, and the relative ages of successive 
lava flows can be deduced from the density of 
cratering. 

Dating of associated rocks has shown that most 
large lunar craters are quite old, ranging in age 
from slightly less than 4.0 billion years to about 
4.6 billion years. It has been estimated that during 
the early cataclysmic interval of lunar history, me- 
teorite impacts were more than 1000 times more 
frequent than they are now. 


Earth’s heat source is constantly diminishing as 
radioactive isotopes decay without being re- 
newed (p. 18). Because these decay rates are con- 
stant, geologists can calculate the approximate 
difference between the rate at which Earth pro- 
duces heat today and the rates of times past. The 
total rate of heat production was perhaps twice as 
high near the end of Archean time as it is now 
(Figure 8-10), and earlier it was even higher. Asa 
consequence, hot spots should have been numer- 
ous and the lithosphere should have been frag- 
mented into many small plates separated by nu- 
merous rifts, subduction zones, and transform 
faults. As we shall see, the nature of Archean rocks 
confirms this prediction. 

Geologists still debate how rapidly the total 
volume of Earth’s continental crust increased 
during Archean time through the operation of 
partial melting. There is no question, however, 
that what felsic crust existed even late in the Ar- 
chean was divided into relatively small continents, 
sometimes termed protocontinents. 


THE GREAT METEORITE SHOWER 


Before moving to a general discussion of Archean 
rocks, we will consider what must have been one 
of the most remarkable episodes in Earth’s his- 
tory: the pelting of Earth by large numbers of me- 
teorites and asteroids over a period of several 
hundred million years. Given the rarity of early 
Archean rocks, our only evidence that this extra- 
terrestrial shower took place is provided by other 
planets and particularly by the moon. These other 
bodies of the solar system have not undergone the 
weathering and erosion that constantly alter 
Earth’s surface. 


Impacts on the Moon 


Earthbound observers have long commented on 
the moon’s pockmarked appearance. The moon's 
craters, which are known as maria (singular, 
mare), the Latin word for "seas," were first 
sketched by Galileo. It is only from manned lunar 
exploration and from photographs provided by 
artificial satellites, however, that we have gained 
detailed knowledge of these enormous craters. 
The maria that face the earth have an average di- 


THE ORIGINS OF CONTINENTAL 
CRUST 


As we learned in Chapter 1, continents consist 
primarily of thick felsic crust and are surrounded 
by the thinner mafic crust of ocean basins. An im- 
portant question is how the two kinds of crust 
came into being. To understand the answer, it 
is important to recognize that Earth’s interior 
cooled from its fully molten state primarily by 
means of convection, which earried hot material 
to the surface. The primitive crust probably 
formed rapidly during this brief interval of cooling 
as magma flowed to the surface at a high rate. Most 
of the early crust was composed of mafic material 
that rose from the denser ultramafic mantle to 
form relatively thin oceanic crust, like that of the 
modern world. 

How, then, did the felsic erust of continents 
come into being? It developed secondarily, 
mostly from occanic crust that descended into the 
mantle and released felsic components whose low 
density caused them to rise toward the surface 
as magma. More specifically, the mafic oceanic 
crust, containing water, descended into the man- 
tle. Some portions of this crust melted and lost 
water. Chemical reactions between the products 
of melting and nearby lithospheric materials pro- 
duced felsie magmas. These low-density magmas 
rose toward the surface, leaving ultramafic mate- 
rial behind. This process is called partial melt- 
ing because felsic materials are melted away from 
ultramafic materials, which melt only at higher 
temperatures. 

Probably most Archean felsic magmas were 
derived from basalts along midocean rifts. Sup- 
port for this idea comes from modern Iceland, 
where basalts produced along the Mid-Atlantic 
Ridge stand above sea level (Figure 6-23). In this 
area, basalts have piled up to such great thiek- 
nesses that they have sunk isostatically, in the way 
that a root forms beneath a mountain (Figure 
1-17). These basalts have descended to depths at 
which they have undergone partial melting, 
which has produced felsic magma that has risen to 
form both intrusive and extrusive rocks. 

Continental crust was probably present ear- 
lier than 4 billion years ago, but the oldest well- 
dated rocks are metamorphic rocks. Some of these 
are found in a small area near the southern tip of 
Greenland. This is one of many relatively small 
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FIGURE 8-11 Crescent-shaped arrangement of dark 
maria on the side of the moon that faces Earth. (Lick 
Observatory.) 


Impacts on Earth 


We can see that craters of all sizes also formed on 
planets of the solar system whose surfaces have 
not been so heavily altered as Earth's. These 
craters formed early in the solar system's history, 
when it was, in effect, being cleared of many small 
remaining pieces of solid material that had consol- 
idated from the solar nebula but had not been 
assimilated into planets or captured as planetary 
satellites. Thus the conclusion seems inescapable 
that Earth was subjected to the same kind of mete- 
orite bombardment as its neighboring moon. The 
composition and structure of Earth's crust must 
have been altered by the material contributed by 
this enormous shower of meteorites. 
Unfortunately, the rock record that might 
have provided us with details of the Archean me- 
teorite shower has been all but destroyed by 
igneous and metamorphic activity on Earth, as 
well as by weathering and erosion. Geologists 
have identified numerous post-Archean craters, 
despite the decline in the rate of meteorite im- 
pacts — a decline that has resulted from the con- 
tinual loss of meteors through collision with plan- 
ets. Some of the largest post-Archean meteorites 
appear to have devastated life on Earth (Box 8-1). 
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in the modern world. 





FIGURE 8-12 Locations of Archean shields 


Archean shield areas scattered across the modern 
world (Figure 8-12). Among the Archean rocks of 
Greenland are rocks that were metamorphosed 
about 3.8 billion years ago — after they had accu- 
mulated as sediments sometime earlier (Figure 
8-13). In fact, metamorphism has undoubtedly al- 
tered many bodies of rock that are older Joie, Site! 
billion years and reset their radiometric clocks to 
give younger ages. 

Grains of the mineral zircon from various re- 
gions offer evidence that continental crust was 
present on Earth 4.1 to 4.2 billion years ago. At 
that time, zircon grains originated, as indicated by 
uranium-lead dating (p. 86). The zircon grains 
were preserved because, being especially resist- 


FIGURE 8-13 Some of the oldest known rocks on 
Earth. These banded iron formations from the Isua area 
of southern Greenland were deposited as sediments at 
least 3.8 billion years ago. Individual laminae, which are 
deformed and weakly metamorphosed, are a few milli- 
meters thick. Laminae of chert (fine-grained quartz) al- 
ternate with darker laminae that contain iron minerals. 
(Preston Cloud and David Pierce.) 
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a Box 8-1 
.'- The Threat from Outer Space 





comets that have lost all of their ice remain in solar 
orbits as solid masses; most of these comets are in- 
distinguishable from asteroids. When a comet loses 
mass as a result of vaporization, its orbit changes, 
and occasionally one crashes to Earth. 

Just how likely is it that an asteroid or comet 
will strike Earth in the near future? We have two 
ways of estimating how often extraterrestrial ob- 
jects of various sizes crash into our planet. One is 
to count the objects of various sizes whose orbits 
cross that of Earth. Knowing the configurations of 
the orbits as well, scientists can calculate probabili- 
ties of collision. A second approach is to measure 
and date craters excavated during the past 3 billion 
years. Radiometric dating of metamorphic rocks 
formed during impact gives the age of a crater. 

An object must weigh about 350 tons or more 
to form an impact crater. Smaller objects simply 
break apart and lodge in Earth's surface. Stony 
meteorites are so brittle that they break into small 


pieces when they encounter Earth's atmosphere. 





This artist's conception shows a marine landing 


TY 
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(Painting by William K. Hartmann.) 


During the past few years, geologists have gathered 
evidence that a large extraterrestrial object struck 
Earth about 65 million years ago and killed off the 
dinosaurs. This evidence has heightened human in- 
terest in the threat that asteroids and comets may 
pose to life on Earth. 

Nearly all of the meteorites that have struck 
Earth in recent times have come from the belt of 
asteroids that circles the sun between Mars and ]u- 
piter. Jupiter is such a large planet that its move- 
ment disturbs these bodies, and occasionally one 
is tossed into an orbit that crosses that of Earth. 
sometimes the result is collision. Comets that strike 
Earth have traveled farther than meteorites — from 
far beyond the solar system, where they are con- 
centrated in two huge clouds. A few, however, have 
orbits that bring them close to the sun, and the 
sun's intense heat vaporizes some of the ice that 
forms them. The tail we observe when a comet 
streaks across the night sky as a "shooting star" is 
the water vapor streaming away behind it. Some 
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POL a n ۱ 
This aerial view shows Manicouagan crater, an impact 
structure in the Canadian Shield of Ontario that is about 
70 kilometers (~ 43 miles) in diameter and is partly oc- 
cupied by lakes. The impact occurred in Late Triassic 
time, more than 200 million years ago. (EROS.) 


on Earth. The cloud of particles blasted into the at- 
mosphere should plunge the planet into total dark- 
ness for at least a few months. Lack of sunlight 
would produce subfreezing temperatures and per- 
haps accumulation of deep snow on continents, 
even at low latitudes. Even after the dust began to 
settle and the sun peaked through the haze, the re- 
flectance of light from widespread snow would 
probably leave Earth cool for years. The energy of 
the explosion would convert atmospheric nitrogen 
to acidic nitrous oxides. As a result, atmospheric 
moisture would fall to Earth as acid rain. Acid rain 
could damage many forms of life. It would also at- 
tack carbonate rocks and liberate carbon dioxide, 
producing a greenhouse effect and eventually re- 
versing the initial climatic trend, perhaps warming 
the planet to unusually high temperatures. 

What forms of life would survive such changes? 
How many humans would die? We have no certain 
answers; we can only wonder whether the arrival of 
an extraterrestrial object 10 or 15 or 20 kilometers 
in diameter may someday bring an end to our spe- 
cies' reign on Earth. 





n general, only metallic meteorites remain large 
enough to form craters when they strike Earth. 
Studies of orbiting bodies and craters indicate 
that extraterrestrial objects have struck Earth at a 
roughly constant rate during the past 3 billion 
years. By the beginning of this interval, the planets 
had swept up most of the debris left over from the 
formation of the solar system. During the past 3 
billion years, the deaths of comets have supplied 
some of the new bodies that have threatened Earth; 
the rest have been asteroids that have escaped from 
the belt between Mars and Jupiter. These new 
bodies have appeared about as rapidly as other 
bodies have disappeared in planetary collisions. 

Telescopes reveal that today there are about 
1000 bodies larger than 1 kilometer (— 0.6 mile) in 
diameter whose orbits cross that of Earth. Few of 
these bodies exceed 20 kilometers (— 12 miles) in 
diameter, and the sizes of craters discovered on 
Earth suggest that few objects larger than this have, 
in fact, struck our planet during the past 3 billion 
years. On the other hand, it is estimated that an 
object as large as ۱۵ kilometers in diameter has 
struck Earth about once every 40 million years. 

Most extraterrestrial bodies that have collided 
with Earth have made marine landings because 
oceans have always covered most of the planet. 
Unfortunately, geologic processes have destroyed 
many craters that extraterrestrial bodies have left 
on continents. Even so, recognized craters tell in- 
teresting stories. The two largest, each about 140 
kilometers (~ 85 miles) in diameter, are the Sud- 
bury crater in Ontario, Canada, and the Vredefort 
crater in South Africa. Each was formed nearly 2 
billion years ago by the impact of an object that 
must have been in the neighborhood of 10 kilome- 
ters in diameter. The Popigai crater in Siberia is 
the third largest yet discovered, with a diameter of 
about 100 kilometers (— 60 miles). Its age, some- 
where between 50 and 30 million years, places the 
time of impact within the Age of Mammals, and the 
object that landed was probably slightly less than 
10 kilometers in diameter. 

Collision with a very large extraterrestrial ob- 
ject — one slightly larger than 10 kilometers — 
should have serious consequences for environments 
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FIGURE 8-14 Changes in thc relative proportions of 
rock laid down on cratonic surfaces in the course of 
geologic time. (Modified from F. T. Mackenzie, in JE 
Riley and G. Skirrow [eds.], Chemical Oceanography, 
Academic Press, London, 1975. Based on data from 

A. B. Ronov.) 


Asthe next section will explain, the eonfigura- 
tion of rocks within Archean terranes also points 
to a predominanee of small protocontinents. 


Greenstone Belts 


The characteristic configuration of Archean ter- 
ranes is evident in satellite photographs of shield 
areas (Figure 8-15). Over broad areas, podlike 
bodies known as greenstone belts sit in masses of 
high-grade metamorphic rocks of felsic compo- 
sition (gneisses, for example). Rocks of the green- 
stone belts themselves are generally weakly meta- 
morphosed, and the green metamorphic mineral 
chlorite gives them their name. 
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ant to weathering, they survived the destruction 
of their parent rock to become detrital compo- 
nents of sedimentary rocks. The mineral zircon 
forms by the metamorphism of felsic rocks. Thus 
the ancient zircon grains prove that felsic crust 
existed as early as 400 or 500 million years after 
Earth formed. 


ARCHEAN ROCKS 


Archean rocks diffcr in average composition from 
younger rocks. This difference reflects the config- 
uration of the Archean continental crust, which 
was relatively thin and divided into numerous 
small continents that lay along subduction zones. 
During Archean time, numerous volcanic arcs 
produccd large volumes of dark igneous rocks. In 
addition, large bodies of dark sedimentary rocks 
formed from the erosion of these volcanic rocks. 
The thin nature ofthe Archean continental crust is 
preserved in the modern world: Areas of existing 
cratons that are of Archean age extend less far 
downward from thc surface, on the average, than 
do cratons that have formed by continental accre- 
tion since Archean time. 


General Features of Sedimentary Rocks 


It is a striking fact that most Archean sediments 
are of deep-water origin. They include gray- 
wackes, mudstones, iron formations, and sedi- 
ments derived from volcanic activity. In contrast, 
sediments deposited in terrestrial and shallow 
marine environments are relatively uncommon in 
the Archean record. These include carbonates 
and quartz sandstones (Figure 8-14). We have 
seen that in more recent times, crustal subsidence 
has caused shallow marine sediments such as those 
of the Bahamas (p. 70) and nonmarine sediments 
such as those of rift valleys (p. 152) to be buried 
quite deep in very short spans of time. Why, then, 
were no similar sequences preserved in Archean 
time? The apparent answer is that there are no 
widespread continental or continental-shelf de- 
posits inthe Archean record simply because there 
were no large continents during most of Archean 
time. 
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FIGURE 8-16 Archean pillow basalt, Sioux Lookout 


area, northwestern Ontario. The “pillows” have been 
planed off by erosion. (F. J. Pettijohn.) 


Proterozoic Eon, so they will be discussed at some 
length in Chapter 9. It is notable, however, that 
the banded iron formation at Isua, in southern 
Greenland, represents one of the oldest known 
bodies of rocks on Earth. Like other banded iron- 
stones of the Precambrian, it consists of iron-rich 
layers alternating with quartz layers (Figure 
8-13). The Isua rocks are believed to have origi- 
nated by chemical precipitation in marine basins, 
and the quartz within them is thought to have 
existed initially as chert precipitated from sea- 
water. Submarine volcanic eruptions were the 
source of the dissolved silica that was precipitated 
as chert. 

Other characteristic but less abundant Ar- 
chean detrital sediments are coarse conglomer- 
ates containing large, rounded cobbles that suf- 
fered considerable stream or beach abrasion 
(Figure 8-17). These conglomerates are not cross- 
bedded like stream gravels, however; they seem 
instead to have been dumped into place, perhaps 





FIGURE 8-15 Satellite photograph of greenstone belts 
in the Pilbara Shield of Western Australia. These belts 
are dark bodies of rock between circular bodies of light- 
colored crystalline rock that represent felsic crust of Ar- 
chean protocontinents. The felsic body at the top is 
about 40 kilometers (— 25 miles) across. (CSIRO Divi- 
sion of Exploration Geoscience, Australia.) 


Igneous rocks of greenstone belts, before they 
were metamorphosed, were mostly mafic and ul- 
tramafic volcanic rocks of the kind extruded along 
volcanic arcs, with felsic volcanic rocks present in 
smaller volumes. Many of the volcanics display 
pillow structures, which indicate that the lava that 
formed them was extruded underwater (Figure 
8-16). Not surprisingly, many of the sedimentary 
rocks of greenstone belts, though now metamor- 
phosed, can be seen to have originally formed 
from detritus eroded from dark volcanic rocks. 
Metamorphosed turbidites are common, as are 
dark mudstones, now mostly metamorphosed to 
slate. These sediments were apparently deposited 
in forearc basins and other environments situated 
along subduction zones (p. 153). 

Cherts and iron-rich sedimentary rocks 
known as banded iron formations are also found in 
the Archean sedimentary belts. These rocks are 
occasionally widespread but are seldom very 
thick. They were far more prevalent during the 


greenstone as well as pieces of felsie crystalline 
rocks eroded from protocontinents. 

The rocks that today form greenstone belts 
came to lie within Archean protocontinents 
through continental accretion (Figure 8-18). 
Having formed along subduction zones, they were 
wedged between protocontinents that collided 
and became sutured together. Given the small size 
of the protocontinents and the abundance of sub- 
duction zones, greenstone belts formed fre- 
quently and came to constitute a large proportion 
of Archean terranes. 


LARGE CRATONS APPEAR 


Radiometric dating shows that during early Pro- 
terozoic time, large bodies of magma were in- 
truded into cratonic rocks. It can therefore be 
concluded, in accordance with the principle of 
intrusive relationships, that cratons of moderate 
proportions had come into being very late in Ar- 
chean time. The hardened magma often forms 
upright tabular structures, or dikes (see Appendix 
I), that range in age from about 2.1 to 2.5 billion 
years. Large mafic dikes of this age, often occur- 
ring in swarms associated with other mafic intru- 
sives, have been identified in North America, 
Greenland, the Baltic Shield, South America, 
southern Africa, India, and Australia. Evidence 
also indicates that in many parts of the world, 
major metamorphic episodes occurred slightly 
earlier, about 2.7 to 2.3 billion years ago. Geolo- 


Volcanic 
"JA arc 


become squeezed between protocontinents during sutur- 
ing to become podlike greenstone belts (bottom) in a 
larger protocontinent. 


Forearc 
crust basin 
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Manitou Series, Mosher Bay, northwestern Ontario. 
The felsic pebbles, cobbles, and boulders in these rocks 
testify to the presence of continental crust nearby. (F. P. 
Pettijohn.) 


by enormous turbidity flows traveling down steep 
slopes. It is therefore not surprising that the con- 
glomerates tend to occur adjacent to or folded 
into greenstone belts; they seem to be nearshore 
facies. The conglomerates contain pieces of 


Oceanic 


Greenstone 


FIGURE 8-18 Formation of greenstone belts. Forearc 
basin sediments, deformed oceanic crust, and arc vol- 
canics along the margins of protocontinents (top) 
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years earlier (Figure 8-19). Here a greenstone se- 
quence more than 3 billion years old is immedi- 
ately overlain by a substantial body of clastic sedi- 
ments known as the Pongola Supergroup. The 
Pongola, in turn, is followed by the Witwatersrand 
sequence, which is famous for the gold deposits 
that accumulated as detrital material within it 
(Figure 8-19). The Pongola Supergroup consists 
of deposits that are 3 billion years old but are 
nonetheless strikingly similar to intertidal se- 
quences of younger portions of the stratigraphic 
record (Figure 8-20). The presence of a broad 
intertidal belt during Pongola deposition indi- 
cates that a sizable landmass existed 3 billion years 
ago in southern Africa. 

The overlying Witwatersrand sequence, with 
sediments ranging in age from about 2.5 to 2.8 
billion years, consists of sediments that cover 
about 40,000 square kilometers and have a maxi- 
mum thickness of nearly 8 kilometers (~ 5 miles). 
These deposits accumulated in nonmarine envi- 
ronments on the surface of a craton. The coarsest 
sediments, which are widespread conglomerates, 
are most common in the upper division of the Wit- 
watersrand, and it is from these sediments that 
gold is mined. Gold is a very dense metal and thus 
tends to settle from moving water with much 
larger particles. During Witwatersrand deposi- 
tion, bits of gold accumulated with larger silicate 
pebbles. The gold-bearing gravels apparently 
formed bars within braided streams that seem to 
have washed enormous quantities of sedimentary 
debris from highlands across alluvial fans into one 
or more lakes. Lake environments were the sites 
where mud and occasionally sand accumulated. 

Even at the close of Precambrian time, the 
large continents remained unusual in one impor- 
tant respect: They were barren of advanced forms 
of life. Long before the first large cratons existed, 
however, living cells had begun to populate the 
marine realm, where they remained at a primitive 
stage of development for perhaps a billion years or 
more. 


ARCHEAN LIFE 


Of all the planets in our solar system, only Earth is 
well suited to life as we knowit. One of the reasons 
is that its size is right. On a much larger planet, the 
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FIGURE 8-19 The distribution of some of the world’s 
oldest known extensive cratonic rocks, in the Archean 
of southern Africa. Siliciclastic deposits of the Pongola 
Basin (B) and Witwatersrand Basin (C) accumulated on 
a broad crust composed partly of greenstone sequences 
(A). (See Figure 8-15.) (Adapted from C. R. Anhaeusser, 
Philos. Trans. Roy. Soc. London A273:359-388, 1973.) 


gists do not yet understand the origins of this meta- 
morphic interval, but they do know that it resulted 
in the resetting of many radioactive clocks and in 
the consolidation of many crustal elements into 
sizable cratons. 

There is also evidence, however, that “craton- 
ization" did not occur simultaneously throughout 
the world. In most areas, typical Archean green- 
stone associations formed until approximately 2.5 
billion years ago, but in southern Africa a large 
craton was already present about a half billion 


3N: 





particularly in the upper part. Above them, the sand- 
mud member bears ripples and mud cracks, which sug- 
gests a shallower, midtidal environment. The uppermost 
mud member bears smaller mud cracks as well as mud 


-chips and appears to represent a high intertidal mud flat 


that lay landward of the zones where sand settled from 
tidal waters. (After V. von Brunn and D. K. Hobday, 
Jour. Sedim. Petrol. 46:670—679, 1976.) 
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FIGURE 8-20 Depositional environments represented 
within a stratigraphic section of the Pongola Super- 
group of southern Africa. The section includes a 3- 
billion-year-old regressive sequence in which a tidal 

flat prograded seaward over subtidal environments. 

In the lower, sandy member, cross-stratification and 
symmetrical ripples are common. Some of these ripples 
are double-crested, reflecting the ebb and flow of tides. 
Tidal channel deposits floored by pebbles are present, 
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always identify fossil stromatolites with certainty. 
The oldest structures that are thought to be stro- 
matolites occur in the Pilbara Shield of Australia in 
rocks 3.4 to 3.5 billion years old (Figure 8-21). 
Stromatolites are known to occur in slightly 
younger rock units, such as the Bulawayan Group 
of Rhodesia, for which indirect dating gives an age 
of approximately 2.8 billion years, and the 3- 
billion-year-old Pongola Supergroup. They are 
also found in a few other Archean units, but in 
general they are much less common here than in 
Proterozoic sediments. The rarity of Archean 
stromatolites probably reflects the rarity of Ar- 
chean shelf deposits. We cannot be certain, how- 
ever, that the organisms that formed Archean 
stromatolites were photosynthetic, and therefore 
we cannot draw definite conclusions concerning 





FIGURE 8-21 One of the oldest known geologic struc- 
turcs thought to be stromatolites (A, top vicw; B, cross 
section). This layered structure from the Warawoona 
Group of the Pilbara Shield of Western Australia is be- 
tween 3.4 and 3.5 billion years old. (D. R. Lowe.) 


gravitational pull on the atmosphere would be so 
great that the resulting atmospheric density 
would exclude sunlight, which is the fundamental 
source of energy for life. A much smaller planet, 
on the other hand, would lack sufficient gravita- 
tional attraction to retain an atmosphere with life- 
giving oxygen. In addition, Earth's temperatures 
are such that most of its free water is liquid, the 
form that is essential to life. Even Venus, our near- 
est neighbor closer to the sun, is much too hot to 
allow water to survive in a liquid state. Mars, our 
nearest neighbor farther from the sun, hasa cooler 
surface, but an atmosphere so thin that liquid 
water would evaporate from the planet's surface 
almost immediately. 


Fossil Evidence 


We can never hope to possess clear fossil evidence 
of the origin and early evolution of life on Earth, 
because cells break down easily and even chemi- 
cal components that might be indicative of past 
events can quickly deteriorate beyond recogni- 
tion. Nevertheless, certain facts suggest that life is 
at least as old as the oldest rocks now known. For 
one thing, graphite, a mineral consisting of pure 
carbon, is present even in the oldest known sedi- 
mentary rocks, the banded iron formations of 
Isua, Greenland (Figure 8-13) — perhaps reflect- 
ing concentration of carbon by organisms. In fact, 
carbon found in sedimentary rocks of Archean age 
tends to have nearly the same ratio of isotopes 
(13C to 2C) that characterizes biological systems 
today. 

More direct evidence of very early cellular life 
is provided by stromatolites, the internally 
layered structures shaped like domes, mounds, or 
pillars that were described in Chapter 3. Today 
cyanobacteria form stromatolites along the mar- 
gins of warmseas, but they are much less abundant 
than they once were. Recall that within a well- 
preserved stromatolite, layers of carbonate sedi- 
ment rich in organic matter alternate with layers 
of purer carbonate sediment. Stromatolites usu- 
ally grow side by side in large numbers; some stro- 
matolites, especially those of the geologic past, 
have attained heights of several meters. 

Because structures resembling stromatolites 
sometimes form by deposition of layered sedi- 
ment in the absence of cyanobacteria, we cannot 





filaments from arock at North Pole, Western Aus- 
tralia, where the apparent stromatolites of Figure 
8-21 are also found. These filaments, which are 
thought to be approximately 3.5 billion years old 
(Figure 8-22), are about the same size as those of 
modern cyanobacteria (Figure 8-23) and display 
similar transverse partitions. Somewhat younger 
spheroidal (nearly spherical) structures resem- 
bling other types of cyanobacteria occur in the Fig 
Tree Group of South Africa. These structures, 
which are about 3 billion years old, are preserved 


in what appear to be various stages of cell division 
(Figure 8-24). 
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the environments in which these stromatolites 
formed. Certain threadlike bacteria, which are 
not cyanobacteria, form stromatolitelike struc- 
tures today in hot springs such as those of Yellow- 
stone National Park, but most of those bacteria are 
not photosynthetic; that is to say, they do not use 
light as a source of energy to synthesize food. Thus 
the possibility exists that similar bacteria formed 
the stromatolitelike structures found in Archean 
rocks. 

Actual fossils of cyanobacteria and other bac- 
teria have also been tentatively identified in Ar- 
chean rocks. Among the oldest cells yet known are 


FIGURE 8-22 A fossil filament from North Pole, 
Western Australia. (The scale bar represents 10 mi- B 

crons.) This and associated filaments display distinctive FIGURE 8-23 Living filamentous and spheroidal 
transverse partitions and may be between 3.4 and 3.5 (nearly spherical) cyanobacteria. The spheroidal cell is 


billion years old, in which case they may be the oldest in the process of dividing. (A. S. Barns and N. Pace. B. 
known fossil cells of cyanobacteria. (S. M. Awramik. ) M. Potts.) 
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Chemical Evidence 


Although the fossil record will never tell us a great 
deal about the earliest stages of organic evolution, 
such information has been derived from other 
sources. In the early 1950s, for example, re- 
searchers found that they could readily produce 
amino acids in the laboratory by sending electrical 
sparks through sealed vessels containing ammo- 
nia, methane, hydrogen, and steam (Figure 8-25). 
These sparks may duplicate what lightning did in 
the Archean world. Similar laboratory results 
have since been obtained with simple starting 
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FIGURE 8-25 Expcrimental apparatus in which S. L. 
Miller produced amino acids by circulating ammonia 
(NH,), methane (CH,), water vapor (H,O), and hydro- 
gen past an elcctrical discharge. Amino acids accumu- 
lated in the trap. (From G. Wald, “The Origin of Life." 
Copyright € 1954 by Scientific American, Inc. All rights 
reserved.) 
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FIGURE 8-24 Microfossils older than 3 billion years 
from the lowest part of the Fig Tree Group of South 
Africa. Many of the cells are in some stage of division 
(B through F). They may represent cyanobacteria or 
bacteria. (A. H. Knoll and E. S. Barghorn, Science 196: 
396-398, 1977.) 


Bacteria, including cyanobacteria, seem to be 
the only forms of life represented in Archean 
rocks. Thus it is significant that bacteria differ 
markedly from all other groups of cellular life in 
the modern world; they are placed by themselves 
in the kingdom Monera (see Figure 1-5). Recall 
that Monera are single-celled organisms charac- 
terized by a primitive kind of cell that does not 
have a nucleus and whose DNA is not clustered 
into discrete chromosomes. This type of cell, 
which is known as a prokaryotic cell, also lacks 
certain other internal organlike structures (organ- 
elles) that are present in more advanced forms of 
life. Forms of life that do possess chromosomes as 
well as nuclei and other organelles are known as 
eukaryotes. Of all the cellular forms of life in the 
world today, only bacteria and cyanobacteria are 
prokaryotes. All other cellular taxa are eukary- 
otes, and fossils of these organisms are unknown 
from the Archean and early portion ofthe Protero- 
zoic record. Thus, with respect to the history of 
life on Earth, the Archean Eon might well be la- 
beled the Age of Prokaryotes. 


other in which they are plantlike. Modern bacte- 
ria live in many different ways, and as very primi- 
tive organisms, some of which may have survived 
from Archean time with little modification, they 
offer clues about evolution during Archean time. 


Cellular Beginnings? 


It is not clear whether the earliest eells were auto- 
trophic or heterotrophic — that is to say, whether 
they required food and energy from their envi- 
ronment in order to maintain themselves and to 
reproduce. Like all modern cells, early cells prob- 
ably employed a compound known as ATP (aden- 
osine triphosphate) as a souree of energy. Unlike 
modern cells, however, early cells may have ob- 
tained the ATP they needed from their envi- 
ronment — by eating it, in effect. ATP is easily 
produced from simple gases in the laboratory, and 
it may well have formed inorganieally in the Ar- 
chean world. Even very primitive animal-like cells 
must have had at least a limited ability to synthe- 
size other essential compounds, although they fed 
on amino acids, sugars, and other molecules nec- 
essary for their existence. It has often been as- 
sumed that these organisms lived in a lake or an 
ocean filled with a sort of natural “soup” of essen- 
tial molecules. 

Certain cells developed the ability to ferment 
organic compounds — that is, to break down such 
compounds into simpler ones and to use the en- 
ergy liberated in this way to build some of the 
compounds they needed. In other words, they be- 
came plantlike (Figure 8-26). Many baeteria em- 
ploy fermentation today. Most of them ferment 
sugar or cellulose (the material that forms the cell 
walls of plants) into products such as ethanol 
(ethyl alcohol). Energy liberated by fermentation 
is stored as ATP until it is used to build compounds 
essential to the operation of the bacterial cell. 

Some bacteria that are fermenters also obtain 
energy by converting compounds that contain 
sulfate into others that contain sulfide — that is to 
say, they remove oxygen atoms that have been 
attached to sulfur atoms. These bacteria cannot 
tolerate oxygen, and most therefore live in the 
muds of swamps, ponds, orlagoons. The hydrogen 
sulfide that these bacteria liberate into their 
muddy environments generates the characteristic 
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mixtures such as carbon monoxide, nitrogen, and 
hydrogen. In some cases, ultraviolet light has been 
substituted for electrical sparks as a source of en- 
ergy. Amino acids are the building blocks of pro- 
teins, and proteins are important compounds in 
living systems. Thus, experiments demonstrating 
the generation of amino acids under conditions 
that might well have characterized primitive 
Earth are highly significant. It has also been found 
that the heating of amino acids drives off water 
and links them into chains called polypeptides, 
which resemble proteins but are less complex. 
This, too, could have occurred in many parts of 
primitive Earth. 

While amino acids and proteins are essential 
features of terrestrial life, they do not account for 
a basic aspect of living systems: the capacity for 
self-replication. On Earth this capacity resides 
within the DNA and RNA of cells. The genetic 
messages of chromosomes are chemically en- 
coded in DNA; these messages are transeribed by 
ribonucleic acid, or RNA, which is similar in struc- 
ture to DNA, and are then carried by RNA to re- 
gions of the cell where, according to the chemical 
prescription, proteins are constructed from amino 
acids. RNA and DNA are nucleic acids. Nucleic 
acids are not complex chemical structures, and it 
does not seem at all preposterous to imagine that 
the first nucleic acid formed in nature by the as- 
sembly of sugars, phosphates, and nucleotide 
bases; but we do not know exactly how this hap- 
pened or precisely how the codes for protein syn- 
thesis came to reside in DNA. 

Another problematic step was the origin of 
cell-like bodies that have the ability to build true 
proteins. Although such bodies have not been 
created in the laboratory, simpler spherical 
bodies have been produced from proteinlike 
compounds in water or salt solutions. 

The earliest forms of cellular life that em- 
ployed nucleic acids to build proteins and to re- 
produce may have obtained their nutrition in ei- 
ther of two ways: They may have been animal-like 
consumers (heterotrophs) or plantlike producers 
(autotrophs) (Figure 8-26). Consumers obtain 
food directly from the environment, whereas pro- 
ducers manufacture their own food from simple 
raw materials that they obtain from the environ- 
ment (p. 27). We will consider two scenarios for 
early Archean evolution — one in which the earli- 
est single-celled organisms are animal-like and the 
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were quite widespread early in Archean time, 
when little or no free oxygen was present in the 
atmosphere. 

Bacteria that conduct fermentation or reduce 
sulfate are said to engage in chemosynthesis. The 
origin of the energetically more efficient process 
of photosynthesis in living organisms was an im- 
portant breakthrough that altered the ecosystem 
profoundly. Photosynthesis, as we saw in Chapter 
9, is the process by which single-celled algae and 
multicellular plants employ the green pigment 
chlorophyll to transform the energy of sunlight 
into chemical energy. This energy is then used to 
transform carbon dioxide and water into energy- 
rich sugar. When it is released from the sugar, the 
energy also fuels essential chemical reactions. 

Presumably cyanobacteria were not the only 
Archean Monera that conducted photosynthesis. 
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FIGURE 8-26 Possible sequence of nutritional 
changes in the early evolution of life. The earliest 


“rotten egg” smell of those settings. If, as is widely 
believed, Earth’s atmosphere contained little ox- 
ygen during Archean time, such sulfate-reducing 
bacteria may have occupied a much wider range 
of environments than they do today. 

In recent years it has been discovered that a 
few kinds of bacteria are distinct from all others. 
These have been labeled Archaebacteria. This 
group includes the methane-producing bacteria. 
Living abundantly in marine and freshwater sedi- 
ments and in sewage, these bacteria feed on a few 
simple organic compounds. Methane, sometimes 
referred to as marsh gas, is a waste product of their 
metabolism. Some experts view Archaebacteria as 
being so different from other bacteria that they 
belong in a separate kingdom. The fact that they, 
like sulfate-reducing bacteria, can live only in the 
absence of oxygen makes it possible that they 


5 The formation of large continents was inhibited 
in early and middle Archean time by the abun- 
dance of radioactive elements whose decay pro- 
duced heat at a high rate; under conditions of high 
heat flow, Earth’s crust was divided into small 
protocontinents. 


6 The most readily studied Arehean rocks occur 
in greenstone belts. Greenstones are metamor- 
phosed dark volcanic and sedimentary rocks. 
They formed along subduction zones adjacent to 
small continents, from which were derived dark 
mudstones and graywackes assoeiated with the 
voleanics. 


7 Large continental landmasses apparently did 
not form until late in Archean time. The oldest of 
those now recognized are in South Africa, where 
shallow marine and nonmarine siliciclastie sedi- 
ments were spread over sizable landmasses be- 
tween 3 and 2 billion years ago. 


8 Cyanobacteria formed stromatolites during Ar- 
chean time. Bacteria, including cyanobaeteria, 
are also represented in Archean rocks by fossil 
cells. These groups represent the most primitive 
forms of cellular life on Earth today, lacking cell 
nuelei and chromosomes. 


9 The earliest forms of life presumably consumed 
molecules from their environment. Later, with 
the evolution of chemosynthesis and photosyn- 
thesis, organisms developed the ability to man- 
ufacture their own food. Cyanobacteria appear 
to have been among the earliest photosynthetie 
organisms. 


EXERCISES 


1 What is a Precambrian shield? Where is one 
located in North Ameriea? l 


2 What reasons are therc to believe that Earth 
was pelted by vast numbers of meteorites early 
in its history? 


3 Why might we expeet Earth to be nearly the 
same age as its moon and the material that forms 
meteorites? 
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Other photosynthetic bacteria probably existed 
as well. Such organisms exist today in the form of 
purple and green bacteria that inhabit moist areas 
lacking free oxygen. Like cyanobacteria, these 
other photosynthetic bacteria employ sunlight to 
produce sugar. 

The evolution of the cyanobacteria, which re- 
lease free oxygen, had a profound effect on the 
global ecosystem. The oxygen that was liberated 
by these organisms accumulated in the atmo- 
sphere to form the reservoir from whieh humans 
and other animals were later able to breathe. In 
Chapter 9 we will examine the current contro- 
versy over the time it took for Earth’s atmosphere 
to accumulate. 

Whatever the details of the early history of life 
may have been, one thing seems certain: Missing 
from the Archean world of prokaryotic life were 
animals and advaneed animal-like cells that feed 
upon bacteria and eyanobacteria. The origin and 
early evolution of these advanced consumers will 
be discussed in Chapter 9. 


CHAPTER SUMMARY 


1 Radiometeric dating has revealed that stony 
meteorites, which represent the primitive mate- 
rial of the solar systems, are 4.6 billion years old, 
as are the most ancient moon rocks. This, then, is 
the apparent age of Earth and the other planets of 
the solar system. 


2 Earth originated by condensation of material 
that had been part of a rotating dust cloud. Earth 
became stratified into crust, mantle, and core 
because material of high density accreted be- 
fore material of low density or because dense ma- 
terial sank toward the center of the young liquid 
Earth. 


3 The Archean interval of Earth history extended 
from the time of the planet’s origin to approxi- 
mately 2.5 billion years ago. 


4 Between the time it formed and slightly later 
than 4 billion years ago, Earth was pelted by large 
numbers of meteorites. During the same interval, 
meteorites produced most of the large craters that 
are still visible on the moon, whose surface is less 
active than Earth’s. 
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4 What geologic features characterize green- 
stone belts and how did these belts form? 


5 What types of sedimentary rocks were rare in 
the Archean Eon? What does this suggest about 
the nature of cratons during Archean time? 


6 Why did magma rise from the mantle to Earth’s 
surface at a higher rate during Archean time 
than it does today? 


7 What features make Earth a more hospitable 
place than other planets for life as we know it? 


٩ What are stromatolites? From what we know of 
their formation today, why might we expect 
them to have been present early in the history 
of Earth? 


9 What are some of the ways in which bacteria 
obtain their nutrition? How may the modes of 
life of certain living bacteria shed light on early 
evolution? 





CHAPTER 


The Proterozoic Eon of 
Precambrian Time 


records of major intervals of glaciation, at least 
one of which seems to have affected most of the 
world. Also present in Proterozoic rocks is a fossil 
record of organic evolution that reveals a transi- 
tion from the simplest kinds of single-celled orga- 
nisms at the start of the Proterozoic Eon to more 
advanced single-celled forms and, finally, to multi- 
cellular plants and animals, some of which be- 
longed to modern phyla. 

This array of global events is the subject of this 
chapter. We will also view the Proterozoic world 
on a regional scale and learn how the modern con- 
tinents began to take shape. 


A MODERN STYLE OF OROGENY 


As we saw in Chapter 8, cratons of modern pro- 
portions first began to form about 3 billion years 
ago, late in Archean time. This was also the time 
when the oldest known sedimentary deposits 
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he Proterozoic Eon, which succeeded the Ar- 

chean Eon 2.5 billion years ago, was in many 
ways more like the Phanerozoic Eon, in which we 
live. We have already seen a foreshadowing of this 
difference between the Proterozoic and Archean 
eons in the origin of large cratons late in Archean 
time. The persistence of large cratons throughout 
the Proterozoic Eon produced an extensive 
record of deposition in broad, shallow seas—a 
pattern that differed substantially from the Ar- 
chean record of deep-water deposition, which is 
now largely confined to greenstone belts and ad- 
jacent areas. In addition, more Proterozoic than 
Archean sedimentary rocks remain unmetamor- 
phosed and are therefore accessible for study. 

The extensive deposits of Proterozoic age 
document ancient mountain-building events that 
are strikingly similar to those of the Appalachians 
and other younger orogenic belts, and they reveal 


EEUU . 1 1. 1 ۰ 
Stromatolites are present in Archean rocks but are much 
more abundant in Proterozoic rocks, where they are the 
most conspicuous fossils. Large stromatolites are rare 
today, but examples in Shark Bay, Western Australia 
(above), closely resemble 2-billion-ycar-old examples 
(below). The long axes of the living forms parallel the 
prevailing wave direction. The Proterozoic stromatolites 
are from the Great Slave Lake area of Canada. Their 
long axes must have lain parallel to the prevailing wave 
direction and perpendicular to the ancient shorelinc. 

(P. F. Hoffman.) 
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evolved between 1.8 and 1.6 billion years ago. The 
oldest fossils of multicellular algae are only slightly 
younger, but complex animals did not evolve until latest 
Proterozoic time, after glaciers spread across many areas 
of the world. 


2.1 and 1.8 billion years ago, over a large area that 
15 now approximately 100 kilometers (~ 60 miles) 
to the west of Hudson Bay. Today remarkably 
well-preserved sedimentary rocks of this orogen 
are exposed along the low-lying surface of the Ca- 
nadian Shield as a result of continental glaciation 
that has repeatedly scoured the orogenic belt over 
the past 2 million years. 

The present Epworth Basin, which is the site 
of the Wopmay orogen, lies along the western 
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Iron formations continued to appear in abundance early 
in Proterozoic time, and the oldest known glacial sedi- 
ments were deposited. Perhaps in response to the pres- 
ence of broad continental margins, stromatolites 
became more plentiful. The eukaryotic cell apparently 


were laid down over substantial continental areas 
in southern Africa (p. 201). Although mountain- 
building processes resembling those of the Phan- 
erozoic world were undoubtedly in operation by 
this time, it is in rocks about 1 billion years 
younger that geologists have found the oldest well- 
displayed remains of a mountain system that is 
thoroughly modern in character. The Wopmay 
orogen of Canada, which formed along the margin 
of an early continent, developed between about 


Chapter 9 The Proterozoic Eon of Precambrian Time 213 


Coronation Gulf 


Wopmay 
orogen 


a 
۰:۰ 

fut 

FOI 







Po Thine 


v 
EE 3 «€ 
? ۾ د‎ 
picontinental. v ^ D دم کر‎ 


z 
„sediments, ^ , PAC ELT Eo E 


^ b 
a 2 ^ Y 
EU at vet. ME Wy ار ی‎ v MT 
ve^ ^2» 
€ 


FIGURE 9-2 The three principal belts of the Wopmay 
orogen (shaded) and associated features. While sedi- 
ments accumulated along the margin of the Slave craton 
where the orogen later developed, thinner sequences 
accumulated inland on the craton and thick sequences in 
failed rifts that cut into the craton. (After P. F. Hoffman, 
Philos. Trans. Roy. Soc. London A233:547 - 581, 1973.) 


they lie adjacent to local upwarps of underlying 
rock. Like sedimentary deposits of younger fold- 
and-thrust belts, those of the Wopmay belt show a 
clear relation to tectonic history. Near the end of 
Archean time, before the orogen was formed, 
most of what is now called the Slave Province 
existed as a discrete craton. Then, early in the 
Proterozoic Eon, the sedimentary sequences 
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section with their appearance on the map in Figure 
9-2. (After P. F. Hoffman, Philos. Trans. Roy. Soc. Lon- 


don A233:547-581, 1973.) 
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FIGURE 9-1 The Wopmay orogen, which formed 
about 2 billion years ago along the margin of the Slave 
Province of northwestern Canada. The Slave Province 
and other regions of Archean terrane are shown in 
brown. Figure 8-12 shows their locations in North 
America. (After P. F. Hoffman, Philos. Trans. Roy. Soc. 
London A233:547-581, 1973.) 


margin of the geologic region known as the Slave 
Province (Figures 9-1 and 9-2) and is floored by an 
ancient fold-and-thrust belt (Figure 9-3). Al- 
though it has long been planed off by erosion, this 
ancient zone of deformed rocks bears a striking 
resemblance to the younger belts described in 
Chapter 7. In the Wopmay orogen, thrusting was 
toward the east, and igneous intrusions associated 
with the deformation now lie primarily within the 
Bear Province to the west. A belt of metamor- 
phism lies between the igneous belt and the fold- 
and-thrust belt. To the east, epicontinental sedi- 
mentary rocks continuous with those of the 
fold-and-thrust belt are flat-lying except where 


Igneous 
intrusion 









FIGURE 9-3 A eross section of the northern part of 
the Wopmay orogen (depicted with vertical exaggera- 
tion). Compare the three belts as shown here in cross 
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FIGURE9-4 Thesequence of development of sediments 
in the fold-and-thrust belt of the Wopmay orogen. Num- 
bers refer to depositional units described in the text. 
Units 1 and 2 represent marine deposition along a shal- 
low continental shelf. Units 3 and 4 are deep-water de- 
posits, including flysch, that accumulated when the shelf 
foundered as mountain building began to the west. Unit 
9 consists of shallow-water deposits transitional between 
flysch below and molasse above. Unit 6, the molasse 
phase of deposition, followed the exclusion of marine 
waters by a heavy influx of sediment from the west. 
(After P. F. Hoffman, in M. R. Walter [ed.], Stromatolites, 
Elsevier Publishing Company, Amsterdam, 1976. ) 


4 The mudstones are followed by flysch deposits 
(turbidites) similar to Upper Ordovician flysch of 
the first Appalachian tectonic cycle. A westward 
thickening of the Wopmay flysch, and the inclu- 
sion within it of particles derived from plutonic 


214 PART IV The Precambrian World 


developed on the interior of this craton, and thick 
shelf deposits accumulated along its western mar- 
gin. As in younger mountain belts, the shelf de- 
posits were succeeded by flysch and then by mo- 
lasse deposits. In fact, the thick sequence of 
deposits in the Wopmay fold-and-thrust belt 
closely resembles that found in each of the tec- 
tonic cycles of the Appalachian orogen (Figure 
7-13). The Wopmay sequence has the following 
characteristics: 


1 The first thick deposit, which formed along the 
edge ofthe continental shelf, isa quartz sandstone 
that prograded toward the basin (Figure 9-4). This 
unit resembles the sequence of Lower Cambrian 
shelf sands at the base of the first Appalachian 
tectonic cycle. The quartz sandstones of the Wop- 
may orogen grade westward into deep-water 
mudstones and turbidites that now lie within the 
metamorphic belt. 


2 Next come rocks in which stromatolites and do- 
lomite predominate. These rocks formed along a 
Proterozoic carbonate platform that resembled 
the Cambro-Ordovician platform of the first Ap- 
palachian tectonic cycle. In the Proterozoic plat- 
form, sedimentary cycles record repeated progra- 
dation of tidal flats across a shallow lagoon. 
Laminated dolomite that formed in the lagoonal 
environment is at the base of each cycle, while at 
the top are oolitic or stromatolitic deposits that 
must have formed in environments fringing the 
lagoon on its landward side (Figure 9-5). Enor- 
mous stromatolite mounds grew to the west, along 
the shelf margin. These mounds formed a persist- 
ent barrier, behind which the fine-grained depos- 
its ofthe lagoon were trapped. Thus stromatolites 
bounded the lagoon on both its landward and sea- 
ward margins. The present metamorphic zone 
consists of a thinner sequence of mudstones that 
represent deeper environments beyond the shelf 
edge, together with beds of dolomite breccia that 
contain blocks as large as 50 meters (— 165 feet) in 
length. It is obvious that these beds were trans- 
ported down the steep slope in front of the shelf 
edge by catastrophic flows of submarine debris, 
much like the flows that produced the breccia 
shown in Figure 7-15. 


3 The carbonate platform deposits give way to 
transitional mudstones, which reflect a down- 
warping of the platform as a foreland basin was 
formed. 
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about 2 billion years ago is evidence of continental 
rifting. East of the Wopmay orogen, slicing into 
the platform from the northwest and southwest, 
are deep, narrow troughs containing thick sedi- 
mentary sequences (Figure 9-2). These troughs 
represent failed rifts — that is, rift systems that 
ceased to be active before they cut across the en- 
tire Slave craton. 

It seems likely that the westward-facing edge 
ofthe Slave craton, along which the Wopmay oro- 
gen formed, came into being more than 2 billion 
years ago, when arift system broke apart a slightly 
larger continental mass. More or less simulta- 
neously, the two rifts that later failed began to 
form at right angles to the newly forming shelf 
edge. Shortly thereafter, about 2 billion years ago, 
the shelf edge must have foundered when it was 
rafted up against a subduction zone. Then, as we 
have seen for younger orogens, igneous activity 
elevated the crust seaward of the shelf edge and 
mountain building began. 


PROTEROZOIC GLACIAL DEPOSITS 


The fact that the Slave terrane along the Wopmay 
orogen behaved like rigid continental crust when 
it was rifted and deformed indicates that by 2 bil- 
lion years ago Earth was markedly cooler than 
it had been 3 billion years ago, when magmas 
were pushing up from the mantle to the surface 
throughout much of what is now the Canadian 
Shield. That climates in this region were also quite 
cool approximately 2 billion years ago is shown by 
evidence that glaciers spread over the land. 


Early Proterozoic Glaciation 


Just to the north of Lake Huron in southern Can- 
ada are some of the most spectacularly exposed 
ancient glacial deposits: those of the Gowganda 
Formation, which forms part of the Huronian Su- 
pergroup. Well-laminated mudstones in this for- 
mation consist of varves that formed in standing 
water in front of glaciers. In Chapter 3 these an- 
cient deposits were compared to the strikingly 
similar glacial varves that formed nearby, where 
Toronto is now located, just a few thousand years 
ago (Figure 3-6). Some of the laminated Gow- 
ganda mudstones contain drop-stones — pebbles 
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FIGURE 9-5 Stromatolites within shelf deposits of the 
Wopmay orogen. (P. F. Hoffman, Geological Survey of 
Canada.) 


rocks to the west, indicate that the source area of 
siliciclastics now lay seaward of the orogenic belt, 
just as it did in the development of each Appala- 
chian tectonic cycle, when the foreland basin 
formed. Thus it is clear that the Wopmay foreland 
basin formed when plutonism and orogenic uplift 
began in the offshore area to the west. 


5 The deep-water turbidites grade upward into 
beds containing mud cracks and stromatolites, 
both of which formed in shallow-water environ- 
ments and thus point to a shallowing of the fore- 
land basin. 


6 The influx of sediments eventually pushed ma- 
rine waters from the Wopmay foreland basin, and 
the Wopmay cycle, like younger tectonic cycles, 
ended with an interval of molasse deposition. The 
Wopmay molasse consists largely of river deposits 
in which cross-bedding is conspicuous. 


Two kinds of evidence suggest that the Pro- 
terozoic Wopmay orogen had the same pattern 
of formation as a modern orogenic system. First, 
the parallel igneous, metamorphic, and fold-and- 
thrust belts resemble similarly arranged belts of 
younger mountain ranges (Figure 9-3). Second, 
within the fold-and-thrust belts, shallow-water 
shelf deposits are succeeded by flysch deposits 
that give way to molasse deposits. 

Another indication that normal plate-tectonic 
processes were operating in northern Canada 








FIGURE 9-6 Latitudinal positions of Australia at four 
successive times during the late Proterozoic interval in 
which it was subjected to glaciation. The glaciated re- 
gions lay within 30° of the ancient equator at all times. 
(After M. C. McWilliams and M. W. McElhinny, Jour. 
Geology 88:1-26, 1980.) 


continents. Indeed, the limited paleomagnetic 
data now available suggest that even regions lying 
close to the equator experienced some degree of 
continental glaciation during this time. Almost all 
of Australia, for example, seems to have lain 
within 30* of the equator throughout the latter 
part of Proterozoic time (Figure 9-6), and yet gla- 
ciation in Australia was extensive. It is possible 
that most of Earth was at times quite cold late in 
Proterozoic time. 


ATMOSPHERIC OXYGEN 


In Chapter 8 we learned that Earth's primitive 
atmosphere, which formed by the degassing of the 
planet, contained little or no free oxygen. It is not 
known precisely when oxygen reached its present 
level in the atmosphere, but it is now widely 
agreed that a moderate level was reached about 2 
billion years ago, early in Proterozoic time. Thus 
the presence of very low levels of atmospheric 
oxygen seems to be another characteristic that 
distinguishes the Archean world from all subse- 
quent times except the earliest part ofthe Protero- 
zoic Eon. Before we look at the evidence that sup- 
ports this conclusion, we must first consider why 
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and cobbles that appear to have fallen to the bot- 
tom of a sea or lake from ice that melted as it 
floated out from a glacial front (Figure 3-7). 
Whether the mudstones accumulated in an ocean 
or in a lake is not clear, but it is evident that they 
alternate with tillites, which seem to have been 
deposited when glaciers encroached on the body 
of water. Some of the pebbles and cobbles of these 
tillites are faceted or scratched from having slid 
along at the bases of moving glaciers. 

Although the exact age of the Gowganda de- 
posits has not been determined, it is known that 
the unit is slightly more than 2 billion years old, 
because it rests on 2.6-billion-year-old crystalline 
rocks and is intruded by rocks that are 2.1 billion 
years old. Tillites of similar age are found else- 
where in Canada as well as in Wyoming, Finland, 
southern Africa, and India. Thus it would appear 
that there was an interval of extensive continental 
glaciation not long after the transition from Ar- 
chean to Proterozoic time. 


Late Proterozoic Glacial Episodes 


Rocks ranging in age from less than 1 billion years 
to about 2.3 or 2.4 billion years show little evi- 
dence of glacial activity, indicating that after the 
early Proterozoic period of glaciation, continental 
glaciers were rare or disappeared altogether for 
about 1.5 billion years. Then, between about 850 
and 600 million years ago, in late Proterozoic 
time, a series of glacial episodes occurred. Tillites 
and other glacial deposits of late Proterozoic age 
can be found on all major continents of the world 
except Antarctica. In North America, for example, 
late Proterozoic tillites are widely distributed 
along both the Cordilleran and the Appalachian 
orogens. 

Although correlation from one part of the 
world to another is difficult, the presence of two 
or more discrete tillites at each of several localities 
indicates that the world experienced several gla- 
cial episodes during late Proterozoic time. At least 
two and possibly three or more of these episodes 
are known to have occurred in Africa, for exam- 
ple. The last took place about 600 million years 
ago, when glacial deposits accumulated in many 
parts of the world. 

The global distribution of late Proterozoic til- 
lites is puzzling because it is difficult to compre- 
hend how glaciers could have spread over so many 
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ple photosynthetic bacteria and bacteria that ob- 
tain energy from fermentation. As we have seen, 
photosynthetic bacteria as well as methane- 
producing bacteria and bacteria that derive en- 
ergy from fermentation rather than from respira- 
tion are currently restricted to anoxic habitats 
such as swamps, ponds, and lagoons (p. 206). For 
this reason, these bacteria are called anaerobic. 
The fact that the simplest living cellular organisms 
are anaerobic suggests that Earth’s first forms of 
cellular life had similar metabolisms, and it also 
suggests that these organisms may have evolved in 
this way because there was virtually no oxygen in 
the atmosphere when they came into being. If this 
was the case, the subsequent buildup of atmo- 
spheric oxygen limited these bacteria to the envi- 
ronments they now occupy. 


The Oxidation State of Minerals 


Also widely cited as evidence of an Archean atmo- 
sphere containing relatively little oxygen is the 
distribution of uranium and iron minerals in Pre- 
cambrian rocks. Under the atmospheric condi- 
tions of the modern world, the uranium oxide 
mineral uraninite (UO,) is readily oxidized further 
and quickly dissolves from rocks. The iron sulfide 
mineral pyrite (FeS;), known as 1001 و‎ gold," also 
disintegrates readily when it is exposed to the 
modern atmosphere. Today uraninite and pyrite 
are seldom found in the sediments of rivers and 
beaches, and they are similarly rare in ancient sili- 
ciclastic sediments younger than about 2 billion 
years. In contrast, both minerals are relatively 
abundant in buried nonmarine and shallow marine 
siliciclastic deposits that are older than 2 billion 
years; uraninite, for example, has been found in 
such rocks on five continents. 

Significantly, red beds (see Appendix I) dis- 
play the opposite pattern: They are never found in 
terrains older than 2.2 or 2.3 billion years. Hema- 
tite, a highly oxidized iron mineral, gives red beds 
their color. Often the hematite found in red beds 
has formed secondarily by oxidation of other iron 
minerals that accumulated with the sediments. 
During Phanerozoic time, oxygen has been plen- 
tiful in Earth's atmosphere, so that this secondary 
oxidation has often occurred within a few millions 
or tens of millions of years after the sediments 
were deposited. It would appear that oxidation of 
this type did not occur early in Earth's history. 


the atmosphere serves as a reservoir of free oxy- 
gen today. 

It would appear that the concentration of oxy- 
gen in Earth's atmosphere has not varied substan- 
tially over the past few hundred million years, 
even though oxygen is continuously removed 
from the atmosphere by such processes as oxida- 
tion of minerals at Earth's surface and respiration. 
(Respiration is the process by which organisms 
employ oxygen to obtain energy from their food; 
in effect, organisms use oxygen to burn up their 
food in the same manner that fire oxidizes a flam- 
mable material, releasing energy in the form of 
heat.) The atmospheric reservoir of oxygen per- 
sists because oxygen is continuously returned to it 
by photosynthesis and, to a lesser extent, by the 
breakdown of water in the upper atmosphere by 
the sun's rays (Figure 2-6). 

A number of factors prevent the concentra- 
tion of atmospheric oxygen from increasing signif- 
icantly. Were oxygen to build up much beyond its 
present level, for example, chemical weathering 
of sediments and rocks would become more in- 
tense and would consequently “soak up" excess 
oxygen. If plants became markedly more abun- 
dant on Earth and thus began to liberate more 
oxygen, animals and simpler respiring organisms, 
including bacteria, would also become more abun- 
dant because more plants and plant debris would 
be available for them to feed on. The resulting in- 
crease in the rate at which oxygen was consumed 
by respiration would then offset the increase 
in the amount of oxygen produced by plants. 

With these factors in mind, let us now examine 
the evidence supporting the assumption that low 
levels of atmospheric oxygen existed until early 
Proterozoic time. 


The Case for Early Anaerobic Evolution 


One piece of evidence suggesting that Earth's 
earliest atmosphere was anoxic (oxygen-free) lies 
in the fact that the chemical building blocks of life 
could not have formed in the presence of atmo- 
spheric oxygen. Indeed, chemical reactions that 
yield amino acids from simpler compounds in the 
laboratory (p. 205) are inhibited by even smaller 
amounts of oxygen than those found in Earth’s 
atmosphere. 

Furthermore, oxygen prevents the growth of 
the most primitive living bacteria, including pur- 
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FIGURE 9-7 A weakly metamorphosed banded iron 
formation in northern Michigan that is about 2 billion 
years old. (Bruce Simonson, Oberlin College.) 


structures first formed implies that some oxygen 
was present in the environment at this time. 
Precambrian soils offer additional testimony. 
These thin units, although rare, when well pre- 
served reveal the chemieal nature of weathering 
during the time the soil was formed. The concen- 
tration of oxygen in the atmosphere influences 
this weathering. Studies of the minerals that con- 
stitute Precambrian soils indicate that atmo- 
spheric oxygen had reached at least 15 percent of 
its present level by 2 billion years ago— and may 
even have reached its present level by this time. 


Photosynthesis and Oxygen 


It is widely agreed that photosynthesis caused at- 
mospheric oxygen to build up during Precambrian 
time. Before such a buildup eould occur, how- 
ever, natural reservoirs known as oxygen sinks 
had to be filled. Essentially, oxygen sinks are 
chemical elements and compounds that eombine 
readily with oxygen and that are believed to have 
been present in the crust or atmosphere immedi- 
ately after Earth formed. Sulfur andiron are two of 
the most important oxygen sinks. (Note how iron 
that we extract from naturally occurring com- 
pounds rusts when it is exposed to the oxygen in 
the atmosphere.) 
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Some researchers have argued that red beds 
cannot be found in Archean sedimentary se- 
quences because these sequences formed mainly 
in deep marine basins, whereas most red beds are 
of nonmarine origin. The Huronian and Witwa- 
tersrand sequences are especially significant in 
this regard because they formed more than 2 bil- 
lion years ago on sizable cratons (p. 201). Although 
both of these sequences comprise large volumes 
of nonmarine sediments and would therefore be 
expected to include some red beds under modern 
atmospheric conditions, both lack red beds but 
contain substantial quantities of detrital pyrite 
and uraninite. This condition has been widely 


cited as evidence that oxygen concentrations re- | 


mained low until 2 billion years ago or later. 

Banded iron formations are other sedimentary 
rocks whose distribution may reflect the history of 
Earth's atmosphere. Rocks of this type are rare 
except in Precambrian terranes. Although banded 
iron formations are present in Archean terranes 
and, as we have seen, are among the oldest known 
rocks on Earth (Figure 8-13), most accumulated 
early in the Protcrozoic Era, between about 2.5 
and 1.8 billion years ago. The term banded iron 
formation refers to a bedding configuration in 
which layers of chert that is sometimes contami- 
nated by iron alternate with layers of other miner- 
als that are richer or poorer in iron than the chert 
(Figure 9-7). The iron in these formations may 
take any ofa variety of forms, including iron oxide, 
iron carbonate, iron silicate, and iron sulfide. 
However, the present chemical form of the iron is 
not necessarily the form in which it was originally 
deposited, and in many cases there is evidence 
that the mineralogy of the iron has altered over 
time. Banded iron formations account for most of 
the iron ore that is mined in the world today. One 
reason for their economic value is that many con- 
tain iron in the form of magnetite (Fe4O,), whose 
iron-to-oxygen ratio is higher than that of hema- 
tite (Fe,O,). 

Banded iron formations accumulated in off- 
shore waters. Many are associated with turbidites. 
Both the iron and the silica in these sediments 
appear to have come from hot, watery emissions 
from the seafloor associated with igneous activity. 
The kind of layer that was deposited at any time 
probably depended on the chemical composition 
of nearby watery emissions. 

The fact that the iron in banded iron forma- 
tions was at least weakly oxidized when these 
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the margins of continents today, you will recall, 
currents drag surface waters away from the shore, 
and nutrient-laden waters from great depths re- 
place the surface waters (p. 45). During Archean 
time, however, such upwelling may have been 
weak and nutrient supplies sparse because there 
were no large continents. Then, as continents 
grew, more extensive upwelling may have accel- 
erated the rate of photosynthesis and oxygen 
production. 


LIFE OF THE PROTEROZOIC EON 


It appears that even as late as the Early Protero- 
zoic interval, after an estimated 1.5 billion years 
of evolution, Earth was populated exclusively by 
single-celled prokaryotic forms of life. In the 
course of Proterozoic time, however, a great ex- 
pansion of life issued from these simple forms. 
Major Events (p. 216) outlines what we now know 
of this expansion and depicts other Proterozoic 
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in Proterozoic rocks. This mound, which is 6 meters 


(~20 feet) in diameter, has been exposed by erosion. 
(G. M. Young, Precambrian Res. 1:13-41, 1974. ) 
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Stromatolites and Oxygen 


Today photosynthesis liberates oxygen at such a 
high rate that it could refill the atmosphere within 
just a few thousand years. Given the probable 
presence of cyanobacteria by at least 3.5 billion 
years ago, how could it have taken more than a 
billion years for atmospheric oxygen to fill major 
sinks and then approach a high level? The answer 
may well be that there were simply not enough 
stromatolites to liberate oxygen at a high rate until 
2.3 or 2.2 billion years ago, when the geologic 
record reveals that stromatolites became very 
abundant (Figure 9-8; Major Events, p. 212). 
Their earlier rarity may be attributable to certain 
geologic factors. Perhaps the absence of large 
continents and continental shelves during Ar- 
chean and Early Proterozoic time restricted the 
growth of stromatolites to the steep margins of 
small Archean landmasses, which offered little 
space for colonization. 

It is also likely that nutrients were not easily 
elevated from the deep sea to shallow water for 
use by stromatolites during Archean time. Along 


FIGURE 9-8 A large reeflikc mound built by stro- 
matolites in Protcrozoic rocks of Victoria Island, Arc- 
tic Archipelago, Canada. Such structures are common 





FIGURE 9-9 Fossil cells of the Gunflint Formation of 
the Lake Superior region. Both filamentous and spher- 
oidal forms are present. The large spherical forms are 
about 10 um in diameter. (Andrew H. Knoll. ) 


The Earliest Eukaryotes 


All forms of life except cyanobacteria and bacteria 
are eukaryotes—that is, forms whose cells con- 
tain chromosomes, nuclei, and other advanced in- 
ternal struetures. Eukaryotes apparently evolved 
about 1.8 billion years ago. Thick-walled spheri- 
cal cells that were apparently eukaryotes are 
abundant in roeks between 1.8 and 1.6 billion 
years old, as are chemical compounds that occurin 
eukaryotes but not in prokaryotes. 

Fossil eukaryotic cells called acritarchs first 
appear in slightly younger rocks. These near- 
spherical or many-pointed forms are the dominant 
group of algal plankton found in the Paleozoic 
fossil record (Figure 9-10). Some acritarchs are 
believed to have been the resting stages (or cysts) 
of dinoflagellate cells. Dinoflagellates constitute 
one of the most important groups of planktonic 
algae today (p. 43) and are known to be eukary- 
otic. We do not know for certain, however, that all 
acritarchs were dinoflagellates. In fact, some ex- 
perts believe that Proterozoic acritarchs were not 
dinoflagellates but instead belonged to the group 
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events described earlier. We will soon examine 
what is known about advanced forms of life that 
evolved before the start of the Cambrian Period, 
but first let us review the fossil evidence support- 
ing the continued dominance of prokaryotes early 
in Proterozoic time. This evidence takes the form 
of stromatolites and molds of microscopic cells. 


Stromatolites 


We know that stromatolites first became abun- 
dant in the fossil record about 2.3 or 2.2 billion 
years ago, perhaps because the area covered by 
continental shelves increased. Stromatolites re- 
mained abundant throughout the rest of Precam- 
brian time and did not decline until early in the 
Paleozoic Era, when animals diversified greatly 
and (as we shall see in Chapter 10) inhibited the 
growth of stromatolites. Proterozoic rocks contain 
stromatolites of many shapes, some of which form 
reeflike structures (Figure 9-8). Attempts to use 
these fossils for stratigraphic correlation, how- 
ever, have been hindered by the fact that filamen- 
tous cyanobacteria of a single type often produce 
stromatolites that have different shapes in differ- 
ent environments (p. 210 and Figure 9-8). Similar 
ecologic influences on the form of these organisms 
during Precambrian time have made it difficult to 
identify evolutionary trends that might make fos- 
sil stromatolites useful for dating purposes. 


Fossil Prokaryotic Cells 


One of the most interesting fossil discoveries since 
the middle of this century has been the identifica- 
tion of cell remains in Precambrian rocks. Such 
remains were first identified in the Gunflint Chert 
of Ontario and northern Minnesota. The Gunflint 
fossils, which are about 1.9 billion years old, dis- 
play a wide variety of shapes (Figure 9-9) and 
appear to represent bacteria or cyanobacteria, as 
do the members of other microscopic fossil assem- 
blages of early Proterozoic age. Analysis of these 
fossils has revealed not only that prokaryotic 
forms of life persisted from Archean time into the 
Proterozoic Eon, but also that many of the forms 
found in Precambrian rocks closely resemble 
forms that are alive today. 
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Early Evolution of Eukaryotes 


Because the fossil record of single-celled eukary- 
otes lacking skeletons is very poor, most of our 
ideas about the early evolution of this group are 
based on evidence derived from living organisms. 
The most remarkable of these ideas, which was 
not widely accepted until the 1970s, is that the 
eukaryotic cell arose from the union of two or 
more prokaryotic cells, at least one of which came 
to reside within another. According to this theory, 
the prokaryotic cell that first came to live inside 
another was altered in minor ways to form a struc- 
ture called a mitochondrion, one or more of which 
is present in nearly all eukaryotic cells (Figure 
9-11). Mitochondria are, in fact, the structures 
that allow cells to derive energy from their food 
by means of respiration. In mitochondria, com- 
plex compounds are broken down by oxidation, 
which yields energy and, as a by-product, carbon 
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FIGURE 9-11 The probable sequence of major events 
leading from Monera to multicellular animals and 
plants. The first protoctist apparently evolved when 
one moneran engulfed but failed to digest another, 
which then became a mitochondrion. A plantlike pro- 
toctist evolved when an animal-like protoctist engulfed 
but failed to ingest a cyanobacterium cell, which then 
became a chloroplast. 


Monera 





FIGURE 9-10 The acritarch Dictyotidium, which has 
a thick, complex wall structure that is unknown in pro- 
karyotes. This fossil is about 750 million years old and 
has a diameter of about 35 um. (Nicholas Butterfield.) 


known as green algae. In any event, the large size 
of many Proterozoic acritarchs, together with the 
chemical composition of their cell walls, suggests 
that acritarchs were eukaryotic. It is also signifi- 
cant that the cell walls of some Proterozoic acri- 
tarchs exhibited complex patterns similar to those 
that today are restricted to eukaryotes. Interest- 
ingly, the fossil record of acritarchs, like that of 
large cells in general, begins in rocks about 1.4 
billion years old. 

Despite the antiquity of the acritarch fossil 
record, acritarchs are rarely found in rocks older 
than about 850 or 900 million years. In contrast, 
they are both abundant and diverse in younger 
rocks. In fact, the fossil record reveals that acri- 
tarchs underwent a rapid adaptive radiation be- 
tween 900 or 850 and 700 million years ago. For 
this reason, acritarchs are very useful for dating 
rocks of the latest Precambrian age. 

It is interesting to note that acritarchs suffered 
a mass extinction about 600 million years ago, 
when glaciers spread across the world (p. 216). 
Only a few simple spheroidal types survived this 
crisis, which may have resulted from worldwide 


cooling. 


became mitochondria. Among the more familiar 
living protozoans are amoebas and ciliates (Figure 
9-12). A minority of protozoan groups, including 
foraminifera (p. 80), have skeletons that can be 
fossilized. 

When did the protozoans first evolve? The 
oldest known protozoans in the fossil reeord, a 
group of organisms with rigid, vase-shaped skele- 
tons, are no older than about 0.8 billion years 
(Figure 9-13). The earlier existenee of protozoans 
without these durable skeletons ean be inferred 
from the faet that protozoans were apparently the 
first eukaryotes and, as we have seen, eukaryotes 
probably existed as early as 1.8 billion years ago. 

It is widely agreed that plantlike protoctists, 
like protozoans, evolved as a result of the union of 
two kinds of cells. In this major step in the evolu- 
tion of the Protoetista, a protozoan eonsumed and 
retained a spherieal or oblong cyanobacteria cell. 
This cell then beeame an intracellular body known 
as a ehloroplast (Figure 9-11), which served as the 
site of photosynthesis both in plantlike protoetists 
and in higher plants, whieh evolved from them. 
The similarity between cyanobaeteria and chloro- 
plasts is striking. In both, for example, the pig- 
ment chlorophyll, which absorbs sunlight and 
permits photosynthesis, is loeated on layered 
membranes. 

In many kinds of protoetists, photosynthesis is 
eonducted within ehloroplasts, and it is generally 
believed that plantlike protoctists evolved many 
times when protozoans retained within their eells 
the cyanobaeteria they had eaten. Thus mobile 





50 um 


FIGURE 9-13  Vase-shaped fossils that appear to repre- 
sent animal-like protoctists from the late Proterozoic 
Chuar Group of the Grand Canyon. (B. Bloeser. ) 
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dioxide. A mitochondrion is apparently the 
slightly modified evolutionary descendant of a 
small bacterium that became trapped within a 
larger one, as evideneed by the presence in mito- 
ehondria of DNA and RNA, both of which are 
essential to the independent existence of any cell. 
It is assumed that the smaller cell that beeame a 
mitochondrion was eaten by the larger one but 
proved resistant to the digestive processes of the 
predator cell. 

Single-celled eukaryotes and a few simple 
multicellular organisms constitute the kingdom 
Protoctista (Figure 1-5), and single-eelled animal- 
like members of this kingdom (that is, consumers 
rather than produeers) are called protozoans. It is 
believed that the earliest protoctists were proto- 
zoans, because their immediate aneestors were 
consumers that had eaten bacteria, which later 








FIGURE 9-12 Living protozoans. A. An amoeba, 
which is a living animal-like protoctist with a change- 


able shape. B. The ciliate Paramecium, whose surface is 
covered with cilia. (M. Walker/NHPA.) 
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FIGURE 9-15 An apparent fossil specimen of multi- 
cellular algae from northwestern Canada. The smooth 
outline of this carbonaceous fossil could not easily have 
formed by the fragmentation of mats of cyanobacteria. 
The scale bar represents 10 millimeters (0.39 inch). 
(M. R. Walter and H. J. Hoffman.) 


alga would evolve into an animal that must gather 
food. On the other hand, it is likely that certain 
mobile, predatory animal-like protists evolved 
into higher animals simply by developing multi- 
cellular body forms. | 
Before there were single-celled or multicellu- 
lar eukaryotic consumers, Earth's ecosystem was 
relatively simple. Because the primary photosyn- 
thetic producers — cyanobacteria and eukaryotic 
algae — did not suffer predation, their prolifera- 
tion in aquatic settings was limited only by the 
supply of nutrients essential to their growth. Seas 
and lakes were, in effect, saturated with algae — a 
situation that may have slowed evolution by leav- 
ing very little room for the origin of new species. 
Although the first organisms to feed on algae must 
have been animal-like protists, today these forms 
are feeble in this role in comparison with multi- 
cellular animals, which, because of their size, can 
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FIGURE 9-14 Euglena, a plantlike protoctist, which, 
like many animal-like protoctists, is mobile. This cell, 
which is about 60 um long, contains numerous chloro- 
plasts. 


protozoans may have evolved into mobile photo- 
synthetic forms such as Euglena (Figure 9-14), 
while immobile protozoans evolved into immo- 
bile photosynthetic forms. 


Multicellular Algae 


Algae (singular, alga) is a term that encompasses a 
variety of forms. Photosynthetic protoctists, for 
example, are called algae, as are the prokaryotic 
cyanobacteria and a large group of multicellular 
plants. The multicellular plants that are known as 
algae differ from more advanced land plants in 
that they lack multicellular reproductive struc- 
tures to protect their eggs and embryos. 

Today algae that are composed of many con- 
nected cells can be found in both freshwater and 
marine environments. Some groups form lettuce- 
like carpets along rocky seashores, and others 
comprise the great kelps that rise up from some 
seafloors in twisted ribbons tens of meters long. 
Even these large forms, however, are fleshy struc- 
tures that decay easily and thus are unlikely to be 
fossilized. Some ribbonlike fossils of Proterozoic 
age are probably segments of cyanobacteria mats 
that only superficially resemble multicellular 
algae. U-shaped fossils from the 0.8- or 0.9-billion- 
year-old Little Dal Group of northwestern Can- 
ada, however, have smooth, nearly symmetrical 
outlines (Figure 9-15); they and a few other Pro- 
terozoic fossils as old as 1.1 or 1.2 billion years 
appear to represent multicellular algae. 


Multicellular Animals 


Multicellular animals evolved from animal-like 
protists rather than from multicellular plants. It is 
unlikely that any kind of stationary multicellular 


based on the assumption that soft-bodied multi- 
cellular animals —those that lack hard parts — 
have crawled over the seafloor or burrowed into it 
throughout their existence, and in doing so have 
often left trace fossils in the form of tracks, trails, 
and burrows in sedimentary rocks (p. 11). If soft- 
bodied invertebrate animals had existed for a long 
interval of Proterozoic time, scientists reasoned, 
some of them would have left such trace fossils. A 
search for trace fossils in Precambrian rocks has 
since turned up a striking pattern — such fossils 
have been found only in rocks less than about 600 
million years old. For example, 1.3-billion-year- 
old sedimentary rocks of the Belt Supergroup of 
Montana exhibit no tracks or trails. As Figure 9-16 
indicates, Belt mudstones are often strikingly well 
layered in comparison with younger deposits, in 
which layers of sediment are often disrupted or 
destroyed by burrowing animals. 

Precambrian trace fossils display a general 
evolutionary pattern. The oldest trace fossils are 
geometrically simple structures; often they are 
tubes made by wormlike animals that burrowed 
through the sediment. In several regions of the 
world, as stratigraphic sections progress upward 
toward and into the Cambrian System, simple 
trace fossils are replaeed by more and more com- 
plex types whose shapes also vary increasingly 





FIGURE 9-17 Undersurfaces of sandstones with fill- 
ings of relatively complex burrows in Norway. A. F illing 
of a feeding burrow. B. Filling of a shallow burrow on 
which can be seen scratch marks left by the legs of the 
animal that dug it. (Courtesy of N. L. Banks.) 
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FIGURE 9-16 Laminated siltstone from the 1.3-billion- 
year-old Greyson Shale (Belt Supergroup) in Montana. 
Here, as in other rocks older than late Proterozoic, we 
see no evidence of burrowing by invertebrate animals. 


(C. W. Byers.) 


consume algae rapidly. Nonetheless, the origin of 
eukaryotic consumers added a new nutritional 
level to many aquatic ecosystems (p. 27). Exactly 
when multicellular animals evolved remains un- 
certain, but we now have evidenee that it was not 
until late in Proterozoic time that these organisms 
first appeared. For many years paleontologists 
have searched well back into the Precambrian 
interval for skeletons of multicellular animals, 
but their search has been unsuccessful. The only 
skeletons they have found have come from rocks 
situated close to or above the Precambrian- 
Cambrian boundary, which, as we will see, cannot 
be recognized precisely in most areas. 


Trace Fossils Even during the last century, it was 
acknowledged that fossil skeletons appear in the 
stratigraphic record quite suddenly near the base 
ofthe Cambrian System. The complexity and vari- 
ety of fossilized Cambrian life gave rise to specu- 
lation that multicellular animals had a long Pre- 
cambrian history, during which they lacked hard 
parts and therefore left no fossil record. One 
highly effective means of testing this hypothesis is 
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logical relationships ( X 1.35). D. An animal that may be 
a jellyfish ( X 0.7). E. An animal that may be a sea pen 

( X 0.6). F. A form that may be related to the echino- 
derms ( X 1.2). (M. F. Glaessner.) 


Imprints of Soft-Bodied Animals Additional evi- 
dence supporting the presence of multicellular 
life in the latest Precambrian interval has come to 
light since 1950. In many parts of the world, im- 
prints of soft-bodied animals have been found in 
sandstone below the oldest rocks containing fossil 
skeletons (Figure 9-18). Many of these fossils have 
been thought to represent jellyfishes or sea pens, 
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FIGURE 9-18 Representatives of the late Precambrian 
Ediacara fauna of Australia. A. A problematic flat, seg- 
mented form ( X 1). B. An animal that appears to be in- 
termediate in form between a segmented worm and an 
arthropod ( X 1.7). C. A strange form of uncertain bio- 


(Figure 9-17). This pattern of increase in both 
complexity and variety seems to represent the ini- 
tial evolutionary diversification of multicellular 
animals in the world’s oceans. Nowhere in the 
world have undoubted trace fossils been found 
below the youngest Precambrian glacial sedi- 
ments. It appears, then, that little multicellular 
animal life existed before the final glacial episode. 





FIGURE 9-19 A living annelid worm. Like most ma- 
rine annelids, this worm has a pair of small, leglike flaps 
on each of its many segments, but it lacks true legs. 

(L. Margulis and K. V. Schwartz, Five Kingdoms, 

W. H. Freeman and Company, New York, 1987.) 


It is clear that animals more advanced than 
eoelenterates were well established before the 
end of Protcrozoic time. Among these advaneed 
groups were the segmented worms known as 
annelids, which include modern earthworms as 
well as many kinds of marine and freshwater spe- 
cics (Figure 9-19). Annelids undoubtedly formed 
many of the tubelike fossil burrows of Late Pro- 
terozoic age. Also present were early members of 
the phylum Arthropoda, whieh includes modern 
crabs, lobsters, insects, and spiders. Arthropods 
have external skeletons and jointed legs, a set of 
which presumably made the scratches visible in 
the burrow shown in Figure 9-17B. Coelenter- 
ates, annelids, and arthropods not only continued 
to flourish into Paleozoic time but have remained 
important up to the present time. 


PROTEROZOIC CRATONS: 
FOUNDATIONS OF THE 
MODERN WORLD 


Although geologists have long attempted to de- 
termine how the continents of the modern world 
originated, they have managed to trace the histo- 
ries of these continents only into Proterozoic 
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but these identifications have been questioned. 
Jellyfishes and sea pens are living groups that be- 
long to the phylum Coelenterata (the same phy- 
lum as corals). Whereas jellyfishes float in the 
water, sea pens are stalked creatures that stand 
upright on the seafloor. The Ediacara fauna of 
Australia is the most famous of late Precambrian 
"*soft-bodied" faunas and was also the first to be 
recognized. In addition to the possible coelenter- 
ates, the Ediacara fauna includes several kinds of 
animals that cannot be related with certainty to 
any living group. Fossils of soft-bodied animals 
such as those of the Ediaeara fauna are rare in 
rocks of Phanerozoic age. It seems likely that the 
late Precambrian faunas that were preserved 
escaped destruction only because few predators 
or scavengers at that early time were capable of 
devouring their carcasses quickly. 


The Delayed Diversification of Animal Life The 
diversification of animal life near the end of the 
Proterozoic Eon happened about a billion ycars 
after the origin of the eukaryotic cell. For many 
decades, geologists assumed that some external 
factor, sueh as a low level of atmospheric oxygen, 
accounted for this delay. There is no evidence that 
atmospherie oxygen had failed to rcach a suitable 
level much earlier in Proterozoic time, however, 
or that any other condition of Earth's environ- 
ment thwarted the evolution of animals. 

In faet, the delayed diversifieation of animals 
may simply have resulted from the time that evo- 
lution required to produee key adaptations, such 
as the nerve cell —2a complex message-carrying 
cell without which coordinated muscular locomo- 
tion and advanced modes of feeding are impossi- 
ble. A single kind of nerve cell characterizes all 
animals more complex than sponges. There is no 
comparable kind of cell in sponges or protozoans. 
Very primitive multicellular forms that lacked 
neuromuscular systems may have existed long be- 
fore the end of the Proterezoic without leaving a 
fossil record. 

Plants, in fact, experienced a similar delay. 
Although fleshy multicellular algae apparently 
existed 1.1 or 1.2 billion years ago, as we will see 
in Chapter 11, advanced plants did not invade the 
land until nearly 400 million years ago. This inva- 
sion was delayed by the time required for evolu- 
tion to produce essential adaptations, including 
the hollow cells that conduct fluids in all land 
plants except mosses and their relatives. 
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FIGURE 9-20 Stabilization of sediments that have 
accumulated along the margin of a continent (A). The 
continent comes to rest along a subduction zone. Be- 
cause the continent is of low density and resists sub- 
duction, the direction of subduction is reversed (B). 
Igneous activity then adds rock to the continental mar- 
gin and metamorphoses the sediments that have col- 


lected there (C). 


sion. On the other hand, limestone that accumu- 
lates along continental margins is precipitated 
from seawater or is secreted by organisms and 
thus represents an external contribution to the 
mass of the continent — as do the igneous rocks 
and oceanic crust that become welded to a conti- 
nental margin resting along a subduction zone. 
Orogenic processes do not simply add mate- 
rial to continents; they also alter preexisting crust. 
Regional metamorphism, for example— which 
sometimes operates in conjunction with structural 
deformation — remobilizes continental crust. As 
we saw in Chapter 4, metamorphism often alters 
the character of preexisting rocks beyond recog- 
nition and resets their radiometric clocks so that 


time. Indeed, the configurations and relative po- 
sitions of most older, Archean microcontinents 
will probably never be known. At the same time, 
uncertainties remain even about the histories of 
large Proterozoic cratons. The difficulty is that 
depositional patterns and structural trends of 
rocks more than half a billion years old are often 
obscured by erosion, metamorphism, or burial; 
paleomagnetic data are also sparse and difficult to 
interpret. Nonetheless, geologists have recon- 
structed partial histories for most large blocks of 
Proterozoic crust and have thus gained some 
knowledge about how they became part of the 
Phanerozoic world that forms the subject of the 
final seven chapters of this book. 

In this section we will learn how North Amer- 
ica grew episodically during Precambrian time 
and how this continent became part of a vast su- 
percontinent that fragmented at the very end of 
the Proterozoic Eon. We will also review the early 
histories of the landmasses that came to constitute 
Gondwanaland and Baltica. These continents, too, 
formed part of the supercontinent before it broke 
apart. 


Continental Accretion 


Before we discuss the histories of individual cra- 
tons, let us consider how cratons undergo changes 
in size. As we have seen, the sizes of cratons in- 
crease greatly when major cratons become su- 
tured together along a subduction zone, and this 
process is usually accompanied by mountain 
building in the vicinity of the suture (p. 157). 

Cratonic growth on a smaller scale, which is 
known as continental accretion, also entails 
mountain building, but this process occurs at the 
margin of a single large craton. As we noted ear- 
lier, marginal accretion can result either through 
the suturing of a microplate to a large craton along 
a marginal subduction zone (p. 200) or from the 
compression and metamorphism of sediments that 
have accumulated along a continental shelf. The 
latter process is sometimes referred to as orogenic 
stabilization, because it thickens the crust and 
hardens both unconsolidated sediments and soft 
sedimentary rocks (Figure 9-20). 

Stabilization is a cannibalistic process inas- 
much as some of the sediment that is deposited 
and stabilized along a continental margin is de- 
rived from the interior of the continent by ero- 
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FIGURE 9-21 Major geologic features of North Amer- 
ica. The Canadian Shield ends where sediments of the 
interior lowlands lap over it on the south and west. The 
Cordilleran, Ouachitas, and Appalachian orogens flank 
the North American craton on the west, south, and east. 


picture. Uranium-lead techniques now yield dates 
with precision within about 10 million years for 
rocks that are about 2 billion years old. These 
dates are obtained from crystalline rocks, and thus 
they represent episodes of igneous and metamor- 
phic activity. 

North America also grew rapidly during Pro- 
terozoic time by becoming sutured to other cra- 
tons. In fact, as we will see shortly, near the end of 
the Proterozoic Eon it was united with nearly all of 
Earth's other landmasses to form a vast supercon- 
tinent only slightly smaller than Pangaea. 


Suturing of Archean Cratons The first stage in 
the formation of North America, before it became 
part of a supercontinent, was the assembly of at 
least six microcontinents into a sizable craton 
(Figure 9-22). This amalgamation took place 
within only about 100 million years, between 
1.95 and 1.85 billion years ago. Each of the micro- 
continents that were combined eonsisted of litho- 
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the age of the crust can no longer be determined. 
In reviewing the Precambrian history of individ- 
ual Proterozoic cratons, we will encounter many 
examples of crustal remobilization. 

How do continents decrease in size? They can 
shrink by erosion, but this process operates so 
slowly that it has little overall significance. Far 
more important is the process of continental rift- 
ing, which operates on many scales. It can remove 
a small sliver of crust, or it can divide a large craton 
in half. Although continental rifting that took 
place more than half a billion years ago is difficult 
to document, evidence suggests that certain major 
rifting events occurred late in Proterozoic time. 


The Assembly of North America 


Greenland today is a continentin its ownright, but 
during Proterozoic and most of Phanerozoic time 
it was attached to North America. Recall that 
Laurentia is the name given to the combined land- 
mass. The core of Laurentia was the crustal block 
that now forms most of the North American cra- 
ton. This ancient blockis well exposed today asthe 
largest Precambrian shield in the world: the Cana- 
dian Shield (p. 184). 

The Canadian Shield constitutes a large por- 
tion of the North American craton, including a 
small part of the northern United States (Figure 
9-21). Precambrian rocks also underlie the inte- 
rior of the continent to the south, where they are 
overlain by a relatively thin veneer of Phanero- 
zoic sedimentary rocks. Rocks obtained from 
wells that penetrate the Phanerozoic cover have 
provided a good picture of the general distribu- 
tion of buried Precambrian rocks. These rocks, 
together with the exposed rocks of the Canadian 
Shield and Precambrian rocks that have been ele- 
vated by Phanerozoic mountain building in the 
American West, reveal that in the course of Pro- 
terozoic time, Laurentia gained territory by con- 
tinental accretion. 

Evidence that Laurentia was growing by ac- 
cretion during Proterozoic time began to appear 
decades ago, when the recognition of structural 
trends and regional occurrences of rock units per- 
mitted geologists to recognize natural geologic 
provinces within the Canadian Shield. More re- 
cently, reliable radiometric dates for rocks of the 
Canadian Shield and for subsurface rocks border- 
ing the shield have yielded a much more detailed 
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tween the Superior terrane and the Archean terrane to 
the west. The origin of the broad province of the central 
United States 1.8-1.6 billion years ago resulted in sub- 
stantial continental accretion toward the south. The 
Grenville Province formed when North America was 
sutured to Baltica and landmasses that later became 
portions of Gondwanaland. (Derived from P. F. Hoff- 
man, Ann. Rev. Earth and Planet. Sci. 16:543- 603, 
1988.) 


tween the two, the geologic evidence is inconclu- 
sive. The Wyoming Province is exposed south of 
the Canadian Shield in mountainous uplifts in 
Wyoming (Figure 9-23) and also in the Black 
Hills, a blisterlike structure in South Dakota, 
whose gold deposits are discussed in Box 9-1. 

Most of the Archean terranes were sutured 
directly together, but the Superior Province is 
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FIGURE 9-22 Geologic provinces of North America 
late in Proterozoic time, when this continent was at- 
tached to other landmasses (see Figure 9-24). Numbers 
in parentheses give times of origin in billions of years. 
Provinces of Archean terrane, in the north, represent 
Archean microcontinents that were amalgamated 1.95— 
1.85 billion years ago. The Wyoming and Hearne prov- 
inces may constitute a single terrane. The Trans-Hudson 
Belt consists of newly formed crust that was caught be- 


sphere that formed during Archean time. Today 
the former microcontinents represent Archean 
terranes, which lie mostly within the Canadian 
Shield (Figure 9-21). The largest of these Archean 
terranes is the Superior Province, which crops out 
as far south as Minnesota. The Wyoming and 
Hearne provinces may actually have formed a sin- 
gle microplate; in the narrow zone of contact be- 


FIGURE 9-23 A U-shaped glaciated 
valley in the Beartooth Mountains of 
Wyoming. Arehean rocks form the 
core of the Beartooth uplift. The gla- 
cial scouring took place within the last 
2 million years, during Earth’s most re- 
cent ice age. (Martin Miller/Earth Lens.) 


gions were attached to one another long before 
the start of late Proterozoic time (Figure 9-24). 
Thus western North America seems to have been 
connected to cratons that today are positioned 
in the Southern Hemisphere. Similar evidence 
points to a connection between the terranes that 
now constitute Siberia and the northern Canadian 
region of Laurentia. Exactly when Laurentia be- 
came attached to these other landmasses is not yet 
known. 


Middle Proterozoic Rifting in Central and East- 
ern North America The growth of the landmass 
that now constitutes North America was threat- 
ened in mid-Proterozoic time by the greatest dis- 
turbance of the central North American craton 
during the last 1.4 billion years. This was an epi- 
sode of continental rifting that took place between 
about 1.2 and 1.0 billion years ago. The episode 
was characterized by faulting and by mafic 
igneous activity in which lavas poured into down- 
warped basins along a belt that extended from the 
Great Lakes region to Kansas (Figure 9-25). Had 
the crescent-shaped zone of rifting extended to 
the margins of the craton, the eastern United 
States would have drifted away as a separate small 
craton. This did not happen, however; the rifting 
failed. 

The rocks that formed within the failed mid- 
continent rift include hardened lavas known as 
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separated from the Wyoming and Hearne prov- 
inces by a broad zone of rocks that formed about 
the time of the suturing, 1.9 to 1.8 billion years 
ago (Figure 9-22). This zone comprises both deep- 
sea sediments squeezed up betwcen the converg- 
ing cratons and crystalline rocks produced by an 
igneous arc. 

South of the Archean terranes that were su- 
tured together between 1.95 and 1.85 billion 
years ago is a broad zone of crust that formed 
shortly thereafter, between about 1.8 and 1.6 bil- 
lion years ago. The rocks of this zone are exposed 
in uplifts from southern Wyoming to northern 
Mexico, and they have been sampled by drilling 
through the sedimentary rocks that blanket most 
of the central and western United States. The 
composition of these rocks suggests that they 
formed by island arc activity and by associated 
sedimentation. The rate of continental accretion 
was very rapid by Phanerozoic standards. In the 
central and western United States, the continental 
margin expanded southward about 800 kilome- 
ters (~500 miles) in 200 million years. 

Thus far we have considered only regions that 
remain parts of North America and Greenland. In 
fact, early in Proterozoic time the combined land- 
mass called Laurentia appears to have been part 
of a larger craton. Geologic similarities between 
the Wyoming Province and both eastern Antarc- 
tica and eastern Australia suggest that these re- 
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shown in dark brown represent future elements of 
Gondwanaland. The supercontinent was assembled by 
suturing along orogenic belts of Grenville age. B. The 
assembly of Gondwanaland along Pan-African orogenic 
belts after Laurentia and Baltica broke away. (After P. F. 
Hoffman, Science 252:1409- 1412, 1991.) 


FIGURE 9-25 The North 
American craton about 850 
million years ago, with major 
geologic features that devel- 
oped after 1.4 billion years 
ago. Many of the glacial 
tillites (G) are actually slightly 
younger than 850 million 
years. The Keweenawan Su- 
pergroup, which includes 
mafic volcanics, accumulated 
in a rift that ultimately failed. 
Some of the sedimentary 
basins of western North 
America were failed rifts. 
The Grenville Province rep- 
resents an orogenic belt that 
was active slightly before a 
billion years ago. (Modified 
from J. H. Stewart, Geology 
4.11-15, 1976.) 
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FIGURE 9-24 Changing paleogeographic patterns be- 
tween late Proterozoic and early Paleozoic time. A. The 
likely configuration of the late Proterozoic superconti- 
nent, in which North America occupied the central 
position. The lined portion of the supercontinent repre- 
sents the smaller craton thought to have included North 
America earlier in the Proterozoic. Continental areas 
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Box 9-1 
A Mountain of Gold 


The craggy peaks of the Black Hills stand high above the Great Plains (Paul Horestead.) 


perhaps along an Archean midocean rift. Then, 

about 1.6 billion years ago, hot fluids from regional 
metamorphism concentrated much of the gold in 

veins, along with quartz and other minerals. The 

age of the deposits is not unusual. Most of the gold 

in Earth’s crust is in Precambrian rocks. Perhaps ۱ 
this heavy metal has come largely from the dense 

mantle. We know that early in the planet’s history 

mantle material moved upward in great volumes 

along numerous midocean ridges. l 


face of strong magnetism. Because these basalts 
are rich in iron and magnesium and are therefore 

of high density, their presence is also associated | 
with a feature known as the Midcontinental Grav- | 
ity High, which is a local increase in Earth's gravi- 
tational field as measured from the surface. While 
the basalts were forming, numerous basic dikes 
were also emplaced across the Canadian Shield to 
the north (Figure 9-25 and p. 184). 





SES "n hs 
PME "x. 


After more than a century of operation, the Home- 
stake mine in the Black Hills of South Dakota ranks 
first among all gold mines, with total profits in ex- 
cess of $1 billion. The forested Black Hills, a dome- 
shaped outlier of the Rocky Mountains, stand 
conspicuously above the surrounding prairie. Their 
gold comes from Archean rocks that were meta- 
morphosed early in Proterozoic time and are now 
exposed in the center of the dome. The gold was 
probably emplaced there by hot watery solutions, 


Keweenawan basalts, which are exposed near the 
southern border of the Canadian Shield (Figure 
9-26). They contain ore deposits of native copper, 
a mineral consisting of elemental copper uncom- 
bined with other elements. Similar basin basalts 
lie to the southwest beneath the sedimentary 
cover of the Midwest, as has been revealed both 
by the examination of rock cuttings taken from 
deep wells and by the detection from Earth's sur- 
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discovered the rich gold deposits that were widely 
anticipated. Newspapers throughout the country re- 
ported on Custer’s expedition, and when the gen- 
eral failed to correct exaggerated stories about an 
abundance of gold, thousands of prospectors 
flocked into the Black Hills. The treaty with the 
Sioux became a worthless piece of paper. 

The flurry of activity quickly bore fruit. The 
first rich deposits to be found were stream sedi- 
ments, but soon prospectors tracked down the veins 
of quartz that supplied this detrital gold, and min- 
ing of these veins yielded even greater riches. The 
great Homestake mine opened in 1876. That same 
year General Custer, still seeking fame, led his sol- 
diers into the famous massacre at the Little Big 
Horn, in which he and 269 of his men lost their 
lives. The Sioux’s victory did them more harm than 
good; increased hostility toward them added to 
the economic incentives to terminate the treaty of 
1868. In 1877, faced with the government's threat 
to cut off supplies to their reservation, the Sioux re- 
luctantly signed a new agreement that removed 
them from the Black Hills, a region that for genera- 
tions they had regarded as sacred. 

Legitimate at last, mining camps in the Black 
Hills expanded into towns. Deadwood, which 
sprang up close to the Homestake mine, became 
the town most infamous for lawlessness. Calamity 
Jane earned her nickname there, and a bullet in the 
back of the head took Wild Bill Hickock’s lite in a 
Deadwood saloon. Civilization has subdued the 
town, but the Homestake mine continues to churn 
out thousands of tons of ore every day and still has 
larger gold reserves than any other American mine. 


1.3 billion years ago, a spreading center formed 
beneath the late Precambrian craton and began to 
rift it apart. It is possible that this spreading center 
intercepted the eastern margin of the ancient cra- 
ton, but this remains uncertain. In any event, it is 
obvious that the Keweenawan rifting was abor- 
tive. Rifting ceased before the continent was split 
but left its mark in the enormous volumes of 
mantle-derived lavas that were disgorged along a 


The quest for gold in the Black Hills in many 
ways epitomizes the nineteenth-century conquest of 
the American West. Meriwether Lewis and William 
Clark heard of the Black Hills in 1804, during their 
epic journey to the Pacific, but did not visit them. 
Beginning in the 1820s, other explorers and pros- 
pectors ventured into the mountains, but at great 
risk. Ezra Kind was the last survivor of a party of 
six who rode into the Black Hills in 1833, and be- 
fore he too died, he scraped a final message on a 
slab of sandstone: ‘‘Got all of the gold we could 
carry our ponys all got by the Indians ۱ have lost my 
gun and nothing to eat and Indians hunting me.” 

Gold excites prospectors not only because of 
its value but also because even in nature it is usu- 
ally as shiny as a wedding ring. As a so-called 
noble metal, it does not form compounds with other 
elements, and it flashes its purity to the naked eye. 
Sporadic reports of gold in the Black Hills tanta- 
lized adventurers for years. Congress nonetheless 
ratified a treaty in 1868 that included the Black 
Hills in a new reservation for the Sioux. The treaty 
banned prospectors from the region, but dreams of 
wealth led many to violate the law, and the actions 
of a reckless general named George Armstrong 
Custer only added to the incentive. Custer was or- 
dered to lead a combined force of soldiers and ci- 
vilians to reconnoiter the Black Hills region in 
1874. With gold clearly on his mind, Custer hired 
a geologist to take part in the expedition. Once in 
the Black Hills, Custer diverted the group’s activi- 
ties from exploring to prospecting. His party found 
only a few particles of the noble metal, but appar- 
ently he wanted recognition as the man who first 


The configuration and composition of Ke- 
weenawan rocks and their subsurface counter- 
parts indicate the presence of a failed rift in the 
eastern United States (p. 152). The Keweenawan 
volcanics, for example, are associated with red 
siliciclastic rocks and alluvial-fan conglomerates 
in what appear to be downfaulted troughs— 
configurations that tend to occur in newly forming 
continental rifts. Thus it would appear that about 


Province and the Piedmont. In the Gulf Coast re- 
gion, most of the Grenville Belt lies beneath Phan- 
erozoic cover, but in central Texas crystalline 
rocks of Grenville age appear at the surface as a 
small, isolated prominence known as the Llano 
uplift (Figure 9-25). 

The relationship between the Grenville orog- 
eny and the midcontinent rift remains a puzzle. 
What is clear is that the Grenville event entailed 
the collision of eastern North America with an- 
other large craton. The other continent involved 
in the Grenville collision apparently included a 
landmass that later became a major component of 
Gondwanaland—-the component that included 
Africa and South America. Forming another seg- 
ment of the colliding landmass was Baltica (Figure 
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FIGURE 9-27 Sequence of events along the eastern 
part of the North American craton from middle Protero- 
zoic time until early Paleozoic time. Sediments of the 
Grenville Province were deposited before 1 billion 

years ago along a shelf margin (A). The Grenville orog- 
eny took place when one or more large cratons were su- 
tured to eastern North America (B). Rifting in latest 
Proterozoic and earliest Phanerozoic time (C) produced 
a new continental margin, along which siliciclasties ac- 


cumulated (D) and then a carbonate platform devel- 
oped (E). 
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FIGURE 9-26  Columnlike joints in us Edwards Is. 
land flow, a body of volcanic rock within the Keweena- 
wan Supergroup of northern Michigan. (N. K. Huber, 
U.S. Geological Survey.) 


belt more than 1500 kilometers (r 900 miles) long 
and 100 kilometers (~ 60 miles) wide! 


The Grenville Orogenic Belt While the midcon- 
tinent rifting was in progress, an episode of moun- 
tain building took place along the east coast of 
North America. This was the Grenville orogeny, 
which spanned the interval from about 1.2 to 1.0 
billion years ago. This orogeny constituted an- 
other step in the accretion of the North American 
continent, adding a belt of terrane that stretched 
from northern Canada to the southeastern United 
States (Figures 9-22 and 9-25). The Grenville 
orogeny stabilized a large volume of sediments 
that had accumulated along the margin of eastern 
North America before about 1.2 billion years ago 
(Figure 9-27). 

The igneous and metamorphic activity of the 
Grenville orogeny ended about 1 billion years 
ago. The resulting crystalline rocks and others are 
best exposed in the Canadian portion of the Gren- 
ville Province (Figure 9-22). To the south, most 
crystalline rocks of Grenville age are buried, but 
some crop out here and there — especially in the 
Adirondack uplift of New York State and, as we 
noted earlier, in the Blue Ridge Mountains and 

her uplifts lying between the Valley and Ridge 
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800 million years ago and continued into Early 
Cambrian time. This evidence takes the form of 
sedimentary rocks and radiometrically dated vol- 
canic rocks that are younger than those affected 
by the Grenville orogeny. The volcanics are pri- 
marily in the lower portion of the stratigraphic 
sequence that accumulated after the Grenville 
event. 


The Birth of North America’s West Coast In 
western North America, the final rifting that 
carried away future components of Gondwana- 
land was preceded by tectonic episodes that pro- 
duced failed rifts from northern Canada to south- 
ern Arizona. The resulting basins, shown in Figure 
9-25, received large volumes of sediment. In the 
northern United States, the largest of the basin 
sequences is the Belt Supergroup (Figure 9-28), 
which ranges in age from about 0.9 to 1.5 billion 
years. The northern extension of this formation is 
known in Canada as the Purcell Supergroup, but 
for simplicity we can apply the name Belt to the 
entire sequence. In general, the Belt thickens 
toward the west, sometimes reaching a thickness 
of 16,000 meters (~ 53,000 feet). 

The Belt formed in a northwesterly trending 
failed rift (Figure 9-25). Sandstones increase in 
abundance toward the western part of the se- 
quence, while limestones increase toward the 
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Figure 9-25). (Modified from P. B. King, The Evolution 
of North America, Princeton University Press, Princeton, 
New Jersey, 1977.) 


Belt or Purcell Supergroup 


9-24). The evidence for this pattern of collision is 
seen in regions of Africa, South America, and Eu- 
rope, where there are remnants of mountain sys- 
tems that are the same age as the Grenville oro- 
genic belt (Figure 9-22). 

In fact, the Grenville collision was part of a 
long zone of tectonic suturing that encircled much 
of the continent to which North America be- 
longed. Orogenic belts in southern Africa and the 
Indian peninsula suggest that these regions be- 
came attached to eastern Antarctica at this time. If 
these reconstructions are correct, landmasses that 
would later become Gondwanaland formed a 
crescent that wrapped around North America 
(Figure 9-24A). The landmass thus formed rivaled 
the Phanerozoic supercontinent Pangaea in total 
size. Pangaea was more elongate in a north-south 
direction, however, nearly spanning the globe 
from pole to pole (Figure 6-5, top). Paleomagnetic 
data indicate that the late Proterozoic supercon- 
tinent also straddled the equator, but it was a com- 
pact landmass confined to low latitudes. 


The Great Rifting Event During the Protero- 
zoic- Phanerozoic transition, a remarkable tec- 
tonic event took place: Laurentia was, in effect, 
expelled from the Proterozoic supercontinent 
after a massive episode of rifting; Baltica also 
broke away (Figure 9-24B). Evidence of rifting in 
North Carolina suggests that it began there about 
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FIGURE 9-28 Stratigraphic sequence in Canada just 

north of Montana, ranging from the middle Proterozoic 
through the middle Cambrian. The Belt Supergroup ac- 
cumulated in a failed rift trending to the northwest (see 


suggests that atmospheric oxygen had reached a 
moderate level early in Proterozoic time. 


4 Banded iron formations, which formed in the 
presence of oxygen, accumulated in great abun- 
dance within marine basins between about 2.5 
and 1.8 billion years ago. They may have formed 
when the concentration of oxygen in the atmo- 
sphere was lower than it is today. 


5 Stromatolites first became abundant about 2.2 
or 2.3 billion years ago. Their success at this time, 
which may have resulted from the growth of con- 
tinental shelves, probably led to a buildup of at- 
mospheric oxygen. 


6 Cells and chemical compounds that probably 
represent some of the oldest eukaryotes are found 
in rocks that are 1.8 to 1.6 billion years old. 


7 Acritarchs are fossils of single-celled planktonic 
algae that almost certainly were eukaryotic. They 
underwent an adaptive radiation between 800 
and 700 million years ago and then suffered a mass 
extinction at the time of the last major Precam- 
brian glacial episode, about 600 million years ago. 


8 The oldest fossils that appear to represent pred- 
atory protists are about 800 million years old. The 
oldest unquestioned fossils of multicellular ani- 
mals are younger than about 600 million years. 


9 The modern North American craton was assem- 
bled from smaller Archean cratons early in Pro- 
terozoic time. Later in the Proterozoic, it became 
part of a huge supercontinent that contained 
nearly all of Earth’s landmasses. 


10 Near the time of the Proterozoic - Phanero- 
zoic transition, the supercontinent fragmented, 
leaving Laurentia and Baltica as isolated super- 
continents. Very early in the Phanerozoic Eon, 
other fragments of the supercontinent coalesced 
to form Gondwanaland. 


EXERCISES 


1 Compare the basic features of the Wopmay oro- 
genic belt with those of the Appalachian oro- 
genic belt described in Chapter 7. 


2 What kinds of geologic evidence suggest that 
glaciers were present on Earth more than 2 bil- 
lion years ago? 
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shallower water. In general, however, mudstones 
predominate. The Belt apparently formed as a re- 
sult of the accumulation of sediments in very shal- 
low water during rapid subsidence. Salt crystals 
and mud cracks, both of which indicate a drying 
up of shallow bodies of water, are present in Belt 
sediments, and shallow-water stromatolites are 
also abundant in the limestones. 

The final global glaciation of the Proterozoic, 
described earlier, took place about 600 million 
years ago, shortly after the great rifting event. In 
the region occupied by the Belt Supergroup, and 
in fact from one end of western North America to 
the other, tillites accumulated. Whether the con- 
tinental breakup may somehow have triggered 
the major ice age rcmains a matter of speculation. 
In any case, after the rifting event, the western 
border of North America remained a passive mar- 
gin for hundreds of millions of years. In fact, it has 
never since been sutured to another large craton. 
As we will see in later chapters, however, it has 
grown westward through suturing events that 
have added small bodies of crust. It has also, of 
course, been the scene of extensive mountain 
building and igneous activity that have added 
crust during the latter part of Phanerozoic time. 
Thus, at the start of the Phanerozoic Eon, the pas- 
sive western margin of North America lay well to 
the east of its present position. As we will see in 
Chapter 10, this margin soon became the site of a 
vast carbonate platform, much like the one that 
developed along the similar, newly formed pas- 
sive margin bordering the east coast (Figures 7-14 
and 9-27). 


CHAPTER SUMMARY 


] At least as early as 2 billion years ago, plate- 
tectonic processes formed mountain belts with 
characteristics similar to those of Phanerozoic 
mountain belts. 


2 Continental glaciers spread over parts of Can- 
ada and other regions more than 2 billion years 
ago and also covered many parts of the world be- 
tween 1 billion and 600 million years ago. 


3 The presence of red beds in sedimentary se- 
quences younger than 2.2 or 2.3 billion years, to- 
gether with the rarity of the easily oxidized min- 
erals pyrite and uraninite in such sequences, 
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3 List as many differences as you can between the 
Archean world and the world as it existed 1 
billion years ago. 


4 What arguments favor the idea that little atmo- 
spheric oxygen existed on Earth until 2 billion 
years ago? 


5 What reasons do we have for believing that 
multicellular animals did not exist 2 billion 
years ago? 


6 How does the history of North America illus- 
trate continental accretion? 


7 How does the Appalachian orogenic belt of 
North America relate to the Grenville orogenic 
belt? 


8 Using a world map, locate the modern positions 
of the various landmasses that make up the su- 
percontinents shown in Figure 9-24A and B. 
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THE PALEOZOIC ERA 


A evolutionary explosion of invertebrate animals with skeletons 
ushered in the Paleozoic Era, or “interval of ancient life.” 
Before long, fishes also evolved, and midway through the era, some 
of them developed jaws. Multicellular plants invaded the land, soon 
to be joined by scorpions, insects, and amphibians (descended from 
fishes), and later by reptiles (descended from amphibians). Mass 
extinctions punctuated the history of Paleozoic life, the final one 
striking at the end of the era. Paleozoic time saw the formation of 
several mountain ranges, including the Appalachians, together with 
their counterparts in Europe, and early mountain ranges in the 
American West. At the close of the Paleozoic Era, nearly all of 
Earth’s landmasses were united into a single supercontinent that 
stretched from pole to pole. 





Eurypterids were among the many arthropod groups that evolved early in the 
Paleozoic Era. These aquatic relatives of scorpions were predatory swimmers, 
some of which had large claws. This relatively small Silurian specimen was the 
size of a large carrot, although flatter. (Chip Clark.) 
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CHAPTER 


The Early Paleozoic World 


LIFE 


The story of early Paleozoic biotas is essentially 
one of life in the sea. It is presumed that certain 
simple kinds of protists and fungi had made their 
way into freshwater habitats by this time, but no 
fossil record of early Paleozoic freshwater life is 
known. The terrestrial realm, too, was barren of 
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Cre 1 described how the Cambrian and 
Ordovician systems of the Paleozoic Erathem 
were established more than a century ago in what 
is now Wales. The rock record of these early Pa- 
leozoic systems documents the Taconic orogeny 
of the Appalachian mountain belt, discussed in 
Chapter 7, as well as widespread mountain build- 
ing in Gondwanaland, mentioned in Chapter 9. 
Early Paleozoic rocks of marine origin are also 
well displayed on the broad surfaces of cratons, 
reflecting the fact that, with brief interruptions, 
sea level rose in the course of the Cambrian Period 
and remained high during most of Ordovician 
time. Among the revelations of the resulting rock 
record is that life in the oceans diversified rapidly 
at the end of Proterozoic time. Despite brief epi- 
sodes of mass extinction during Cambrian time, 
about as many families existed in the marine eco- 
system near the end of the Ordovician Period as 
during any subsequent interval in the Paleozoic 
Era. 





These fossil trilobites were found in a slab of Burgess 
Shale from western Canada. Vestiges of the antennae 
and also of the limbs, which became splayed out from 
beneath the body during the process of burial, are pre- 
served. (Approximately life size.) (Chip Clark.) 
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MAJOR EVENTS OF EARLY PALEOZOIC TIME 
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matolites declined. Note that several large drops of sea 
level failed to cause mass extinctions and that two of the 
Late Cambrian mass extinctions did not coincide with a 
lowering of sea level. The mass extinction at the end of 
the Ordovician coincided with the climax of glaciation 
in Gondwanaland. 


includes a great variety of shells and other kinds of 
skeletons composed of durable minerals. 

In Chapter 9 we learned that the first major 
adaptive radiation of multicellular marine animals 
occurred during the last few tens of millions of 
years of the Proterozoic Eon. Nearly all of the 
creatures that emerged during this time, how- 
ever, were soft-bodied; many, for example, were 


During early Paleozoic time there were three distinctive 
intervals in the history of life: (1) the Tommotian inter- 
val of the Cambrian, which was typified by very small 
animals; (2) the remainder of the Cambrian, which was 
dominated by trilobites; and (3) the Ordovician Period, 
when many groups of marine animals appeared and stro- 


all but the simplest living things. Before middle 
Paleozoic time, neither insects nor vertebrate ani- 
mals occupied the land. 

The organisms that we will discuss in this 
chapter were also distinguished by the fact that 
they were the first biotas on Earth to leave a con- 
spicuous fossil record — one that is plainly visible 
even to a casual observer in many areas, because it 
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10-1). Also found in Tommotian rocks, however, 
is a host of strange skeletal elements that cannot 
be assigned to any living phylum and that show no 
apparent relation to any group of fossils found in 
rocks younger than Cambrian age. 

The development of the types of skeletons 
that characterize Tommotian faunas constituted a 
major evolutionary event. Although skeletons are 
known to support soft tissue and to facilitate loco- 
motion, such adaptive functions cannot explain 
why so many different kinds of skeletons devel- 
oped suddenly in the early part of Tommotian 
time. It has been suggested that a chemical change 
within the oceans triggered the production of 
these skeletons, but this hypothesis does not ex- 
plain why some skeletons were composed of 
calcium carbonate and others of calcium phos- 
phate—two compounds with quite different 
chemical properties. The rapid evolution of 
various kinds of external skeletons is at least partly 
attributable to the presence of enemies; the first 
multicellular animals must have fed on single- 
celled creatures and might also have fed on larger 
plants. The effective predation of some animals on 
others marked a change in the basic structure of 
ecosystems. 


FIGURE 10-1 Fossils that represent 
the Tommotian fauna, the oldest di- 
verse skeletonized fauna on Earth. 
All of the specimens shown here are 
small; none exceeds a few millimeters 
in length. A. A fossil that appears to 
represent primitive mollusks with 
coiled shells. B to E. None of these 
specimens can be assigned to a 
familiar group of animals. (A, C, 

and D. From S. C. Matthews and 

V. V. Missarzhevsky, Jour. Geol. Soc. 
London 131:289-304, 1975. B and E. 
S. Bengston.) 





naked jellyfishlike animals or worms. During the 
earliest segment of Cambrian time, the seas be- 
came populated by a different kind of fauna — one 
consisting of small shelled animals, some of which 
failed to survive into later Cambrian time. This 
fauna was the world's oldest diverse group of 
shelled animals; then a more conspicuous and en- 
during Cambrian biota of shelled animals was fol- 
lowed by a still more highly diversified biota in the 
Ordovician Period. 


The Tommotian Biota: Early Skeletons 


The first diverse biotas of animals with skeletons 
are found in rocks of the Tommotian Stage, an 
interval that spanned about 15 million years. This 
stage was not formally added to the base of the 
Cambrian System until the 1970s, when its fossil 
record was brought to the attention ofthe general 
scientific community. Before this time, the ex- 
ceedingly small Tommotian fossils had been over- 
looked by all but a few paleontologists, but they 
have since been found on many continents. Some 
belong to groups of animals that still live in the 
ocean, such as sponges and mollusks (Figure 
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Later Cambrian Marine Life 


The brief Tommotian interval of Cambrian time 
was followed by the evolution of many larger ma- 
rine animals with hard parts. 


Bottom Dwellers The most conspicuous animals 
moving over Cambrian seafloors were the trilo- 
bites (Figure 10-2). A few types of trilobites may 
actually have lived during Tommotian time, but 
none have yet been found in association with typi- 
cal Tommotian faunas. Many Cambrian trilobite 
species survived for only short spans of geologic 
time — 1 million years or less. For this reason, and 
because most trilobite species have proved easy to 
identify, trilobites have served as the principal 
index fossils for Cambrian strata. Most trilobites 
crawled or swam along the seafloor, frequently 
leaving conspicuous trace fossils. Some of these 
traces resulted from scratching or digging by the 
trilobites’ many appendages, while others record 
trilobites’ paths as they crawled about (Figure 
10-3). Apparently other small trilobites either 
swam or floated in the water (Figure 10-2C, E). 

Algal stromatolites were also more abundant 
during the Cambrian and Ordovician intervals 
than in later times. 

Double-valved brachiopods, shelled animals 
that fed on organic matter suspended in the water, 
are abundant in Cambrian strata as well, but their 
representatives are small and of limited variety 
(Figure 10-4). These organisms, which are also 





FIGURE 10-3 A Cambrian trilobite track preserved as 
a cast on the underside of a bed of sediment. Scratches 
made by the appendages of the trilobites are clearly vis- 
ible. (T. P. Crimes.) 
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Middle Cambrian 


FIGURE 10-2 Typical Cambrian trilobites. Trilobites 
were arthropods (invertebrate animals with segmented 
bodies and jointed legs). The soft body and many legs 
were positioned beneath the flexible, jointed skeleton. 
Trilobites had mouthparts for chewing small pieces of 
food. Most species crawled over the seafloor, but some 
burrowed in sediment, and a few small species, in- 
cluding those labeled C and E, were planktonic. 

A. Olenellus. B. Holmia. C. Lejopyge. D. Paradoxides. 

E. Glyptagnostus. F. Illaenurus. (Scale bars rep- 

resent 1 centimeter [— 2 inch].) (After Treatise on Inver- 
tebrate Paleontology, Part O, R. C. Moore [ed.], Geological 
Society of America and the University of Kansas Press, 
Lawrence, 1959.) 
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found in modern seas, resemble bivalve mollusks 
but are not related to them. Mollusks are also com- 
mon in Cambrian strata, but they, too, are small, 
and many advanced molluscan groups that became 
highly significant later in Paleozoic time were still 
inconspicuous or absent. Echinoderms were rep- 
resented in the Cambrian by a remarkable vari- 
ety of classes (Figure 10-5), but none closely re- 
sembled modern echinoderms such as starfishes, sea 
urchins, and sea cucumbers. A few other groups of 
fossils that are well represented in younger Pa- 
leozoic rocks also occur in Cambrian strata, but in 
small numbers. Among these fossils are cono- 
donts, which are toothlike structures made of 
bone that belonged to a group of swimming ani- 
mals that were the earliest known vertebrates 
(Figure 10-6), and ostracods, a group of bivalved 





FIGURE 10-4 Cambrian brachiopods. The articulate arthropods that survives today (Figure 10-7). 
genus Eorthis, which lived on the surface of the sedi- It can be assumed that many important groups 
ment (left), and the inarticulate genus Lingula, a of soft-bodied animals flourished during the Cam- 
burrowing form that survives in modern seas (right). brian Period without leaving fossil records. One 
(Chip Clark.) 


indication of the variety of such forms is provided 
by the unique sample of animals preserved in the 
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FIGURE 10-5 Strange Cambrian echinoderms that including sta: fishes and sea urchins, display a fivefold 
show no close relation to any younger group. A, B, and radial symmetry similar to that which can be seen in B. 
D. Attached forms that apparently fed on organic matter (After Treatise on Invertebrate Paleontology, Part U, 
suspended in the water. C. A flexible form that probably R. C. Moore [ed.], Geological Society of America and 
burrowed in sediment. Most living echinoderm groups, the University of Kansas Press, Lawrence, 1966.) 


impression of an eel-like swimming vertebrate (X 3). 
Conodonts, which were teeth, are found in the head re- 
gion (arrow). (A and B. K. J. Müller. C. From D. E. G. 
Briggs et al., Lethaia 16:1— 14, 1983.) 


were not exposed to predators or to the types of 
bacteria that normally cause soft tissue to decay. 
Many of them are preserved as impressions and as 
carbonizations of soft tissues (Figure 10-8). Most 
impressive among the Burgess Shale species is 
the array of nontrilobite arthropods, which are 
distributed among 30 genera or so— more than 
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FIGURE 10-6 Cambrian conodonts. A. Westergaardo- 
dina (X75). B. Furnishina (X 45). C. Only in the 1980s 
were the remains of an entire conodont animal found in 
the fossil record. This unique fossil is a late Paleozoic 


Middle Cambrian Burgess Shale, which lies in the 
Rocky Mountains of British Columbia. Later we 
will examine the environment in which the Bur- 
gess Shale formed, but at this point it is sufficient 
to note that this black shale accumulated in a deep- 
sea environment that was virtually free of oxygen, 
so that the soft-bodied animals preserved there 





A 


FIGURE 10-7 The Cambrian ostracod Vestrigothia. 
A. Lateral view of the bivalved shell (X 110). This shell 
is the part of the ostracod that is usually fossilized. 

B. This remarkable specimen is a shell that is gaping 
open to reveal many appendages that were well pre- 
served, because soon after the animal died they were 
eoated with phosphatic material (X 100). (From K. J. 
Müller, Lethaia 12:1-27, 1979.) 
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twice the number of trilobite genera in the Bur- 
gess fauna. Second in variety in this unusual fauna 
are the annelid worms; six families, all of which 
survive today, have been found in the Burgess 
Shale, an indication that these worms were al- 
ready highly diversified in Cambrian time. In fact, 
this important group probably produced many of 
the burrows found in rocks of latest Precambrian 
age. 


Early Plankton Most of the Cambrian animals 
described above were herbivores that fed on 
algae. The abundance of algal stromatolites on the 
seafloor was noted earlier, and in the waters above 
were single-celled planktonic algae that must also 
have been important producers in Cambrian seas. 
Modern forms of planktonic algae, however, were 
not yet present; instead, the phytoplankton 
known as acritarchs flourished during the Cam- 
brian Period and persisted throughout the entire 
Paleozoic interval (Figure 10-9). The cysts in 
which acritarchs were encased during resting 
stages are all that remain of these organisms in the 
fossil record. As we saw in Figure 9-10, acritarchs 
were conspicuous in the late Precambrian record 
as well. It is possible that other types of phyto- 
plankton also played major roles in early Paleo- 
zoic seas without leaving fossil records. 


Primitive Predators What carnivores existed in 
Cambrian time? Some of the wormlike animals 
and arthropods of the Burgess Shale fauna were 
equipped with small pincers or specialized 
mouth-parts that were adapted for killing or 
chewing up small animals. Trilobites and cono- 
dont animals also had small jawlike structures 


FIGURE 10-9 Acritarchs from Or- 
dovician deposits of Oklahoma. A 
single-celled spiny variety (left) con- 
trasts with the cluster of cells shown 
(right). (H. Tappan, The Paleobiology 
of Plant Protists, W. H. Freeman and 
Company, New York, 1980.) 
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FIGURE 10-8 Animals without durable shells from 
the Burgess Shale of British Columbia. A. An arthropod 
specímen related to the trilobites. B. A polychaete 
worm. C. An especially important animal that is inter- 
mediate in form between polychaete worms and arthro- 
pods; it had a wormlike body but possessed walking legs 
that resembled those of the arthropods. A and B X3, 

C X4. (Smithsonian Institution.) 


partially responsible for the origin, in Early Cam- 
brian time, of the world’s first organic reefs. The 
main framework builders were archaeocyathids, 
but algae and other organisms of unknown biolog- 
ical relationships also contributed to the solid 
structures. These early reefs, which stood above 
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FIGURE 10-11 Reconstruction of three archaeo- 
cyathid species (above) and one of the world’s oldest 
organic reefs, located in the Lower Cambrian Series 

of Labrador (below). All three archaeocyathid species 
were vase- or bowl-shaped. It seems likely that these an- 
imals were similar to sponges in that they pumped water 
through their porous walls, but it is not certain whether 
they were closely related to any group of modern orga- 
nisms. The diagram shows the composition of the reef, 
which was constructed by several kinds of organisms, 
the most important of which were archaeocyathids (1) 
and calcareous algae (2). Cavities were encrusted with 
crystals of the mineral calcite (3), which were precipi- 
tated from seawater, and by organisms whose biologi- 
cal relationships are uncertain (4, 5). Trilobites (6) left 
tracks on sediment flooring cavities in the reef and also 
left fossil remains within the sediment. (Archaeocyathid 
drawings from D. R. Kobluck and N. P. James, Lethaia 
12:193-218, 1979. Diagram after I. T. Zhuravleva, 
Akad. Nauk. U.S.S.R., Geol. Geofiz. Novosibirsk, 2:42- 
46, 1960.) 
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that were capable of crushing tiny species of prey. 
Jellyfishes must also have captured small victims 
with their stinging cells. One group of predators 
that arose very late in the Cambrian Period were 
the nautiloids (see Figure 10-13). Like the mod- 
ern mollusks with which they are united in the 
class Cephalopoda, nautiloids were predators that 
used their tentacles to grasp prey and their beaks 
to tear the prey apart. Numerous nautiloid species 
have been found in very late Cambrian strata in 
China, but only a few have been found elsewhere 
in the world. Cambrian nautiloids were quite 
small: most measured between 2 and 6 centime- 
ters (— 1.0 and 2.5 inches) in length. 

Entirely missing from Cambrian seas, as far as 
we know, were large carnivores — animals that 
could break large shells or tear apart large prey in 
the way that crabs and jawed fishes do in the mod- 
ern world. Bony plates of very small fishes have 
recently been found in Cambrian rocks (Figure 
10-10), but they did not belong to biting fishes; 
they are the remains of a large group of jawless 
fishes that, as we will see in Chapter 11, burrowed 
in mud for small items of food during both Cam- 
brian and middle Paleozoic timc. 


The Earliest Reefs During Early Cambrian time 
the archaeocyathids flourished. These cone- 
shaped creatures of uncertain biological relation- 
ship were attached to the substratum by the tips of 
their skeletons (Figure 10-11). The vaselike shape 
and sedentary habits of archaeocyathids suggest 
that these animals fed on organic matter sus- 
pended in the water and that they at least superfi- 
cially resembled sponges. Archaeocyathids were 





FIGURE 10-10 A tiny, bony plate from the Cambrian 
System of Wyoming, believed to have belonged to a 
small jawless fish. (U.S. Geological Survey.) 
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FIGURE 10-12 Ordovician trilobites. The spiny genus 
is Ceraurus, an animal about 4 centimeters (1.6 inches) 
long that crawled over the surface of the sediment. Cali- 
mene, which was also a surface crawler but frequently 
rolled up for defense against predators, was about 5 
centimeters (2 inches) long. Isotelus (right) was a 
smooth form that burrowed in the sediment, as depicted 
in the right foreground of Figure 10-13. This half-grown 
specimen is about 8 centimeters (3 inches) long. (Chip 


Clark.) 


was a crisis from which the trilobites never fully 
recovered. Trilobites are found in many Ordovi- 
cian strata (Figure 10-12) but not in abundances 
or diversities comparable to those of many Cam- 
brian limestones. The Ordovician Period was in- 
stead characterized by the adaptive radiation of 
many other groups of animals. Some of them al- 
most certainly originated in Cambrian time but 
failed to diversify markedly until the Ordovician, 
while others probably did not appear until Ordo- 
vician time. The Ordovician adaptive radiation 
populated the seas with many classes and orders of 
animals that continued to flourish in later Paleo- 
zoic periods. Indeed, it is possible that all animal 
phyla from subsequent geologic intervals were 
present in the seas by the end of Ordovician time. 

An interesting aspect of the Late Ordovician 
fauna is that most of the skeletonized members 
were animals that lived on the surface of the sedi- 
ment rather than within it (Figure 10-13). It is 
difficult to move about and obtain oxygen within 
sediment, and in Ordovician time relatively few 
kinds of animals had developed methods of coping 
with these problems. Let us take a closer look at 
life in Ordovician seas. 


the seafloor as low mounds, ceased to form before 
the end of Early Cambrian time, when archaeo- 
cyathids became extinct. All that remained until 
mid-Ordovician time were very small, inconspic- 
uous reeflike structures formed by the organisms 
that had been secondary contributors to the 
archaeocyathid reefs. 


Patterns of Adaptive Radiation The trilobites 
originated near the end of Tommotian time or 
shortly thereafter and immediately underwent a 
remarkable adaptive radiation. Of some 140 fami- 
lies of trilobites recognized in Paleozoic rocks, 
more than 90 have been found in Cambrian strata. 

Many of the types of marine animals that ap- 
peared during the Cambrian Period were strange 
groups that included only a few genera and spe- 
cies: indeed, some are classified as discrete classes 
or even phyla. The early Paleozoic history of the 
phylum Echinodermata illustrates this phenome- 
non. Today this phylum includes only a few large 
groups, such as starfishes and sea urchins, but 
quite a number of bizarre echinoderm classes 
evolved during Cambrian and Ordovician time 
(Figure 10-5). None included many species or 
genera, and most survived only a short time. As 
discussed in Box 10-1, many body plans were 
“tried out” in this manner, but only a few suc- 
ceeded. This pattern is sometimes referred to as 
evolutionary "experimentation," with the under- 
standing that what happens is not a planned event 
but rather a development produced blindly by 
nature. Of the many groups of invertebrates 
that appeared during Tommotian and later Early 
Cambrian time, only a few— such as sponges, 
snails, brachiopods, and trilobites — flourished 
long afterward. 

The Cambrian adaptive radiation of marine 
animals with skeletons was not without interrup- 
tion. During the latter part of Cambrian time, sev- 
eral mass extinctions eliminated most of the trilo- 
bite species in North America and in at least some 
other regions of the world. We will examine these 
extinctions later in this chapter, in the context of 
paleogeography. 


The Ordovician Adaptive Radiation 
The last of the Cambrian mass extinctions, at the 


very end of the Cambrian Period, eliminated large 
numbers of nautiloid and trilobite genera. This 


Three groups, which were all present in Cam- 
brian times but were not highly diversified, pro- 
vide especially important Ordovician index fos- 
sils: the articulate brachiopods, the graptolites, 
and the conodonts. 

Articulate brachiopods (Figure 10-14) are the 
most conspicuous group of well-preserved fossils 
both in Ordovician rocks and in all younger Paleo- 
zoic systems as well. These animals were im- 
mobile suspension feeders that either rested on 
sediment, were partially buried in sediment, or 
attached themselves to solid objects. 


Small Swimmers and Floaters Graptolites were 
especially common in Ordovician and Silurian 
times (see Figure 4-2). They are most frequently 
found in black shales — partly because they were 
too fragile to be easily preserved in sand and 
partly because many of them were oceanic plank- 
ton that sank to muddy deep seafloors after death. 
Because most individual species existed for less 
than a million years, fossil graptolites (like fossil 
trilobites) are especially useful for correlation. 

The wide distribution of conodonts suggests 
that these toothlike structures also represent ele- 
ments of creatures that floated or swam. The re- 
cent discovery of the first carbonized impression 
of the conodont animal reveals the presence of 
fins, which suggests that they were swimmers 
(Figure 10-6). The broad distributions and short 
stratigraphic ranges of individual conodont spe- 
cies make these fossils ideally suited for correla- 
tion. Geologists can also extract conodonts from 
limestones in large numbers simply by dissolving 
the rock with acid — a process that does not attack 
the phosphatic material of which these fossils are 
composed. 


Attached Animals Joining the brachiopods as 
important sedentary animals of Ordovician sea- 
floors were the rugose corals, which are some- 
times known as horn corals because of their shape, 
and the crinoids, which are sometimes called sea 
lilies, even though they were animals rather than 
plants (Figure 10-15). Primitive corals and cri- 
noids had existed during the Cambrian Period, but 
at such low diversities that they were insignificant 
members of the ecosystem. 

Three groups of colonial animals with sturdy 
skeletons attained importance on Ordovician sea- 
floors. Of these, the bryozoans, or moss animals 
(Figures 10-13 and 10-15), were the most con- 


250 PARTV The Paleozoic Era 





Bivalve aoe 


} Trilobites 





Starfish 


t PERU وج ررم وه‎ 0 n ی روت‎ p 
e 


Burrowing 
bivalve 





FIGURE 10-13 Life of a Tate Ordovician seafloor in 
the area of Cincinnati, Ohio. Fossils of many of the 
groups of animals represented here can be seen in Fig- 
ures 10-12 and 10-14 through 10-20. Note that at this 
early stage of Phanerozoic cvolution, relatively few ani- 
mals lived within the sediment. At the left a snail crawls 
over a large tabulate colony, and two bivalve mollusks 
are attached to another tabulate colony by threads that 
give the bivalves stability. Another bivalve is similarly 
attached to the branch of a bryozoan colony. Two soli- 
tary rugose corals, lodged alongside colonies, have their 
tentacles outstretched for food. Stalked crinoids are 
waving about in the center of the picture, feeding on 
suspended matter with their arms. To their right, a large 
nautiloid prepares to eat a trilobite that it has trapped in 
its tentacles; below the nautiloid’s eye is a spoutlike si- 
phon that is used to expel water for jet propulsion. Two 
kinds of suspension-feeding brachiopods live on the sea- 
floor. In the right foreground are trilobites of a type that 
left trace fossils, indicating a burrowing mode of life. In 
the central foreground a starfish prepares to devour a 
bivalve by prying apart the shell halves with its sucker- 
covered arms; then, by extruding its stomach, the star- 
fish can digest the bivalve within its opened shell. 
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FIGURE 10-14 Articulate brachiopods of Ordovician age. The large form 
in back on the right is shown reclining on an ancient seafloor in Figure 


10-13. (Chip Clark.) 


e 





FIGURE 10-15 Ordovician animals that stood upright 
on the seafloor. A. One of the oldest kinds of rugose 
corals. Like modern hexacorals, this primitive coral 
probably used tentacles to capture its prey. B. An early 
crinoid (sea lily); animals like this were suspension feed- 
ers attached to the seafloor by a flexible stalk formed of 
disclike elements of calcite that interlocked like poker 
chips and were encased in flesh. A modest variety of 
similar crinoids inhabit modern seas. C. A colony of 
bryozoans exhibiting finger-sized branches in which 

a number of brachiopods are nestled. (Figure 10-13 
shows Ordovician rugose corals, crinoids, and bryozoan 
colonies as they grew on the seafloor.) 
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FIGURE 10-18 An Ordovician sea urchin (X 2) that 
differed from living echinoids in its flexibility. In life 
the globular skeleton was covered with spines, which 
served for locomotion. The animal probably fed on algae 
or plant debris. Its mouth was positioned underneath (at 
the "south pole") and the anus was positioned near the 
“north pole." (After E. W. McBride and W. F. Spencer, 
Philos. Trans. Roy. Soc. London 229B:91- 136, 1939.) 


Ar 


Bottom Dwellers That Flourish Today In addi- 
tion to trilobites, the mobile epifauna of Ordovi- 
cian time included new varieties of snails (or gas- 
tropod mollusks) as well as the first echinoids (or 
sea urchins), which differed from modern echi- 
noids in that they had flexible bodies (Figures 
10-17 and 10-18). The ostracods on Ordovician 
sealloors (Figure 10-7) were also more diverse 
than those of Cambrian time. 

The bivalve mollusks, which apparently were 
represented by only a few tiny species during the 
Cambrian Period, radiated during Ordovician 
time to develop a variety of forms adapted to 
modes of life on or within the substratum (Figure 
10-19). During Ordovician time, burrowing bi- 
valves attained the position that they hold to- 
day — they became the most successful group of 
burrowing suspension feeders with shells. 


Ordovician Predators Jawless fishes persisted 
from Cambrian into Ordovician time but contin- 
ued to contribute only fragmentary fossil remains 
to the rock record, so we know little about their 
shapes. During early Paleozoic time, before fishes 
acquired jaws, only invertebrates preyed on large 
animals. As Figure 10-13 indicates, two groups 
seem to have dominated here— the starfishes 
(Figure 10-20) and the nautiloids. All five of the 
living orders of starfishes were already present in 
Ordovician time. 


252 PART V The Paleozoic Era 





FIGURE 10-16 Ordovician reef builders. The massive 
form with internal layering is a stromatoporoid colony 

about 23 centimeters (9 inches) across, and the colonies 
with vertical tubes are tabulate corals. (Chip Clark.) 


spicuous. The others, the stromatoporoids and the 
tabulates (Figure 10-16), attained their greatest 
importance as reef builders in middle Paleozoic 
times. The recent discovery of close living rela- 
tives of stromatoporoids reveals that these fossil 
forms were sponges with dense skeletons. Some 
tabulates may also have been sponges, although 
most of them were probably coral-like coelenter- 
ates. Because tabulates became extinct at the end 
of the Paleozoic Era, we may never be certain of 
their biological relationships. 





FIGURE 10-17 Snails (gastropods) that inhabited Or- 
dovician seas. The shell at the left probably belonged to 
an animal that was largely stationary and rested on the 
seafloor in the position shown here. The shell at the 
right belongs to a group of crawling snails represented 
in modern seas by a few surviving species. Figure 10-13 
' shows this type of snail moving over a tabulate colony. 
(After Treatise on Invertebrate Paleontology, Part I, 

R. C. Moore [ed.], Geological Society of America and 

the University of Kansas Press, Lawrence, 1960.) 
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FIGURE 10-19 Bivalve mollusks of 
Ordovician age. The two species on 
the left were attached to the surface 
of the substratum by threads that 
they secreted. The species on the 
right lived in the sediment. (U.S. 
Geological Survey.) 


bers of species. In the uppermost parts of the 
Simpson Group, the variety of species rivals that 
of diverse Late Ordovician bryozoan faunas. 
The adaptive radiation of many groups of ma- 
rine invertebrates during the Ordovician Period is 
shown in Figure 10-21, where the number of ma- 
rine invertebrate families is plotted against time. 
The darkest portion of the graph represents fami- 
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FIGURE 10-21 Changes in the number of families of 
marine invertebrates through the Phanerozoic Era. The 
“Cambrian fauna" consists of families that are found 
only in the Cambrian System or are best represented 
there. The expansion of life that produced the Cambrian 
fauna was followed by a new adaptive radiation in the 
Ordovician Period, and this Ordovician expansion, de- 
spite a mass extinction at the end of the period, pro- 
duced a general level of diversity that was maintained 
until the end of the Paleozoic Era. (After J. J. Sepkoski, 
Paleobiology 4:223-251, 1978.) 





New Levels of Biological Diversity The rapidity 
of adaptive radiation during this second period of 
the Paleozoic Era is illustrated by the early history 
ofthe bryozoans. Very few bryozoans are found in 
Lower Ordovician rocks, but Middle Ordovician 
rocks, which represent a period of some 20 million 
years, record the rapid development of diverse 
bryozoan faunas. Within the Simpson Group of 
Oklahoma, for example, early Middle Ordovician 
strata contain just five or six bryozoan species. 
Successively younger strata yield increasing num- 
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FIGURE 10-20 An Ordovician starfish — one of thc 


first of this class of animals. Figure 10-13 shows a star- 
fish feeding on a bivalve. (Smithsonian Institution. ) 
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Box 10-1 
What Does It Take to Survive? 
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Many animals that were uniquely preserved in the Burgess Shale display unusual fea- 
tures. Opabina (left) had five eyes and food-gathering pincers at the end of a strange 
nozzle. Pikaia (right) was a swimming chordate. (Drawings by Marianne Collins, © by 
W. W. Norton & Company, Inc., reprinted by permission from S. J. Gould, Wonderful 


When we assemble the full cast of characters 
found in these early faunas, we can hardly avoid 
asking why some groups survived long after Cam- 
brian time whereas others soon vanished. Were the 
victims of early extinction biologically inferior to the 
groups that survived? Were they less effective in 
competing with other taxa or in avoiding predators? 
Or were they simply the unlucky victims of cata- 
strophic extinctions that struck down species with- 
out regard to their ecological abilities in a healthy 


leozoic time. In contrast, diversity in the Cam- 
brian Period had leveled off at about 150 families. 
We can draw two conclusions from these observa- 
tions: First, the great adaptive radiation of the 
Ordovician Period greatly augmented thc diver- 
sity of the marine ecosystem; and second, while 
some old families died out and other new ones 
appeared later in the Paleozoic Era, something 
seems to have held the number of families in check 
from Ordovician time until the end of the era. At 
least three factors may have been operating here: 
(1) Environments may have become filled with lifc 


Life.) 


The diversification of animal life in Late Protero- 
zoic and Cambrian time was a veritable evolu- 
tionary explosion (p. 224). When humans reflect on 
this episode, they tend to focus on the many suc- 
cessful groups of animals it produced — the groups 
that have survived — and to ignore the groups of 
very early animals that cannot be assigned to living 
phyla. Many of these animals, such as the strange- 
looking one shown above on the left, died out soon 
alter they appeared. 


lies belonging either to classes that are restricted 
to the Cambrian System or to classes that are bet- 
ter represented here than in younger systems. 
These families can be said to form the Cambrian 
fauna, although even this fauna is divisible into the 
strange, early Tommotian fauna and the succeed- 
ing Cambrian fauna, dominated by trilobites. 
What is most striking about the post- 
Cambrian fauna is that it consisted of slightly more 
than 400 known families by the end ofthe Ordovi- 
cian Period — approximately the same number 
that characterized all subsequent intervals of Pa- 
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that one important group, the nautiloids, evolved 

at the end of Cambrian time. Rapid adaptive radia- 
tion of these beaked predators produced numerous 
families early in Ordovician time, and the impact 
on other marine animals, including some of the 
kinds found in the Burgess Shale, must have been 
profound. 

All of the early groups of animals were at risk 
soon after they evolved simply because they in- 
cluded few species. Diversification increases 
chances of survival, and many groups of animals 
that failed to survive beyond Cambrian time are 
known from only a few fossil species. 

Among the many strange animals of the Bur- 
gess Shale fauna was a rather ordinary-looking 
creature that belonged to a group with a great fu- 
ture. This was the genus Pikaia, which had a struc- 
ture known as a notochord. The notochord evolved 
into the vertebrate backbone, and it identifies the 
animal as a chordate—a member of the phylum to 
which humans and all other vertebrates belong. 
Probably Pikaia itself was not our ancestor, but 
one of its Cambrian relatives certainly was — some 
form undiscovered in the fossil record. It is sober- 
ing to observe that if accidental extinction had 
swept away the early chordates before some ot 
them evolved into fishes, no four-legged vertebrate, 
to say nothing of a human being, would ever have 
walked the land. 


years after the archaeocyathid reefs of the Cam- 
brian had ceased to grow, a new era of reef build- 
ing began. Some of the first Middle Ordovician 
reefs were built by bryozoans in northeastern 
North America. Stromatoporoids and tabulates 
also contributed to later reef building and later 
expanded to dominate organic reefs during Silur- 
ian and Devonian time. Although many Ordovi- 
cian reefs were small mounds or patch reefs simi- 
lar to those of the Cambrian Period (Figure 
10-11), others exceeded 100 meters (— 300 feet) 
in length and 6 or 7 meters (— 20 feet) in height. 


environment? Such accidental death might have 
come in the mass extinctions that decimated the tri- 
lobites during the latter part of Cambrian time, for 
example, or the global crisis that brought the Ordo- 
vician Period to a close. 

Not only did the very ancient groups of animals 
that have survived to the present escape these ca- 
tastrophes, but for hundreds of millions of years 
thereafter they coped successfully with predators 
and with taxa that vied with them for food and other 
resources. Some of the taxa that failed to survive 
appear to have been ecologically deficient. Some, 
for example, were weakly armored against preda- 
tors and probably could no longer flourish after ad- 
vanced predators evolved early in the Paleozoic 
Era. It is clear that external skeletons, which 
evolved in many taxa in earliest Cambrian time, 
played an important role in thwarting predators. 
Some of these skeletons, however, were weak and 
flexible. A multitude of fossil plates from the skele- 
tons of eocrinoids shows that these stalked ances- 
tors to modern sea lilies were very abundant, yet 
their fossil skeletons are rarely intact; they normally 
fell to pieces soon after the animals died. Some of 
their relatives, however — cystoids, blastoids, and 
crinoids — had robust skeletons that abound intact 
in the fossil record, and these animals flourished 
long after Cambrian time. Although we have an in- 
complete picture of Paleozoic predators, we know 


to the point where new forms could no longer 
easily evolve; (2) the evolution of increasingly ef- 
fective predators may have made it increasingly 
difficult for new forms to evolve; and (3) most of 
the animals that existed may have been too spe- 
cialized to give rise easily to totally new types. We 
cannot at present assess the relative importance of 
these factors. 


ReefsofaNew Type By Middle Ordovician time, 
adaptive radiation had produced a number of new 
reef-building animals. Thus, some 40 million 


Animal Life and the Decline of Stromatolites Of 
all the Phanerozoic periods, only the Cambrian 
and Ordovician were characterized by abundant 
stromatolites. This abundance was carried over 
from late Precambrian times. Stromatolites con- 
tinued to blanket enormous areas of the seafloor 
during Cambrian time (Figure 10-23), but by the 
end of the Ordovician interval large stromatolites 
were rare. 

The few areas where stromatolites grow in the 
modern world offer some clues as to what hap- 
pened to stromatolites during the Ordovician Pe- 
riod. The types of cyanobacteria that form stro- 
matolites occur widely in modern seas, but only in 
areas usually above high tide and in hypersaline 
lagoons do they prosper well enough to form con- 
spicuous stromatolites. Marine animals are largely 
absent from both of these kinds of habitats. In 
more normal marine environments, animals 
burrow through algal mats and also eat them; their 
ravages prevent the mats from forming stromato- 
lites. Experiments have shown that when animals 
are excluded from small areas of seafloor in tropi- 
cal climates, algal mats flourish, just as they did 
long ago. It seems evident that the great adaptive 
radiation of Ordovician life (Figure 10-21) pro- 
duced a variety of animals that tended to prevent 
stromatolites from developing in all but unusual 
habitats. As a result, the character of shallow sea- 
floors was forever altered. 


Did Plants Invade the Land? Chapter 11 will re- 
veal that in Silurian time, small multicellular 
plants were well established in moist terrestrial 
environments. Although similar plants probably 
invaded the land during the Ordovician Period, 
the evidence is not yet conclusive. It consists of 
fossilized sheets of cells similar to those that cover 
the surfaces of modern land plants as well as struc- 
tures that closely resemble the spores released by 
primitive (non-seed-bearing) land plants of the 
modern world (Figure 10-24). If land plants did 
evolve during the Ordovician Period, it seems 
likely that they were restricted to moist habitats, 
as mosses are in modern times. 


Terminal Ordovician Mass Extinction 
The Ordovician Period concluded with one of the 


greatest mass extinctions in all of Phanerozoic 
time. Considerably more than half of the species 
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Many Ordovician reefs, in addition, display sev- 
eral stages of development. The community that 
inhabited and added to a reef at each develop- 
mental stage was followed by a different one. 
Massive stromatoporoids were often dominant in 


the final stage (Figure 10-22). 
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FIGURE 10-22 Stratigraphic section through a reef in 
the Crown Point Formation of Vermont. Four stages of 
development are shown. First, stalked echinoderms sta- 
bilized the seafloor with the holdfasts by which they at- 
tached themselves (stage 1). Then the stabilized seafloor 
was colonized by stromatoporoids and by branching 
bryozoans (stage 2). These were later joined by a vari- 
ety of reef-building forms (stage 3). Eventually massive 
stromatoporoids dominated the reef (stage 4). (After 

L. P. Alberstadt et al., Geol. Soc. Amer. Bull. 85:1171— 
1182, 1974.) 
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vast intertidal and supratidal areas. (Modified from C. 
Lochman-Balk, Geol. Soc. Amer. Bull. 81:3191-3224, 
1970.) 


a large area of the globe. For this reason, we will 
examine the causes of the terminal Ordovician 
mass extinction — together with the causes of the 
Cambrian mass extinctions — in the context of 
wordwide paleogeography. 


FIGURE 10-24 Late Ordovician 
fossils that may represent plants that 
lived on the land. A. Spores that re- 
semble those of modern land plants 
(X 670). B. A sheet of fossil cells that 
resemble those covering the surfaces 
of some land plants (X 384). (From 

J. Gray et al., Geology 10:197 - 201, 
1982.) 
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FIGURE 10-23 The widespread occurrence of stromat- 
olites in North America during the latest part of the 
Cambrian Period, when shallow seas spread across 
much of the continent. These stromatolites occupied 


of brachiopods and bryozoans in North America 
died out, and on a broader geographic scale, 100 
families of Ordovician marine animals failed to 
survive into the Silurian Period. A mass extinction 
is a geographic phenomenon, striking biotas over 








many cratons—most shallow-water deposits of 
Cambrian age accumulated in tropical or near- 
tropical climatic zones. 

The Cambrian Period was notable for the pro- 
gressive flooding of continents. The stage for this 
trend was set near the end of Precambrian time, 
when most of Earth’s cratons stood largely ex- 
posed above sea level. In fact, the oceans probably 
stood lower in relation to the cratons during latest 
Precambrian time than at any time during the Pa- 
leozoic Era. As a result, only scattered local areas 
on modern continents yield a continuous record of 
shallow-water deposition across the Precambrian- 
Cambrian boundary. In Chapter 9 we discussed 
one of these areas: the Rocky Mountain region of 
southern Canada (see Figure 9-28). 

As the Cambrian Period progressed, many 
parts of Gondwanaland remained above sea 
level — partly as a result of regional uplifts caused 
by orogenic activity between 800 and 400 million 
years ago. Some smaller cratons, however, show 
evidence of continued encroachment of Cambrian 
seas until little of their total area remained ex- 
posed late in Cambrian time (Figure 10-25). This 
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and many were inundated by shallow seas. (After R. K. 


Bambach et al., American Scientist 68:26 - 38, 1980.) 
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PALEOGEOGRAPHY OF THE 
CAMBRIAN WORLD 


Because Cambrian rocks are so widespread and 
are found on so many continents, geologists have a 
much clearer picture of the Cambrian world than 
of the Late Proterozoic world. This paleogeo- 
graphic framework gives us considerable insight 
into the repeated mass extinctions of Cambrian 
marine life. 


Continents of the Cambrian World 


As we saw in Chapter 9, rock magnetism and other 
geologic evidence strongly suggest that most cra- 
tons were fused into one giant supercontinent 
near the end of Precambrian time. The arrange- 
ment of continents late in Cambrian time was strik- 
ingly different. By that time, Gondwanaland and 
several smaller landmasses occupied equatorial 
zones (Figure 10-25), and no continent lay near 
either pole. This positioning of continents helps 
explain why Cambrian limestones are common on 
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FIGURE 10-25 World paleogeography in Late Cam- 


brian time. Continents were positioned at low latitudes, 
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FIGURE 10-26 Concentric pattern of sediment depo- 
sition around the margin of Laurentia during Middle 
Cambrian time. Note the location of the Burgess Shale, 
renowned for its fauna of soft-bodied invertebrates, at 
the base of the Middle Cambrian continental shelf in 
western Canada. (After A. R. Palmer, American Scientist 
62:216 224, 1974.) 
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ton and also the genus Paradoxides, which charac- 
terizes the exotic blocks of oceanic volcanic 
terrane that became attached to eastern North 
America early in Paleozoic time (Figure 7-17). 
Other groups were largely restricted to the broad 
carbonate-floored shallow seas of continents; tri- 
lobites of this type are found over large areas of 
the North American craton — lowlands that were 
extensively flooded by warm tropical seas during 
Late Cambrian time (Figure 10-25). 


Periodic Mass Extinctions of Trilobites 


Trilobite species that inhabited tropical seas — 
including some small species thought to have been 
planktonic — were the ones that suffered in the 


flooding represented one of the largest and most 
persistent sea-level rises ofthe entire Phanerozoic 
Eon. It was interrupted in North America only by 
a modest regression in Middle Cambrian and by 
another during Late Cambrian time. 


A Characteristic Pattern of Deposition 


Slightly before the beginning of Cambrian time, as 
the seas began to encroach on broadly exposed 
continents, siliciclastic sediments were eroded 
from the continents and accumulated around the 
continental margins. Examples of this pattern, 
which were described in earlier chapters, are the 
Windermere Formation of western North Amer- 
ica (Figure 9-28) and the sandstones and shales 
that form the first tectonic cycle in the eastern 
Appalachians (Figure 7-13). 

When the seas encroached farther over most 
continents during Middle and Late Cambrian 
times, a characteristic sedimentary pattern 
emerged. To understand the nature of this pat- 
tern, let us examine the geography of Lauren- 
tia, the landmass that included North America, 
Greenland, and Scotland (shown in Figure 10-25). 

At all times during the Middle and Late Cam- 
brian, some part of central Laurentia stood above 
sealevel (Figure 10-26). Around the margin ofthe 
land, belts of marine deposition were arranged in a 
concentric fashion. Siliciclastic sediments derived 
from the craton were deposited in the innermost 
belt. This belt was essentially the same as the mar- 
ginal siliciclastic belt that surrounded the conti- 
nent during earliest Cambrian time, but it had 
shifted inland along with the shoreline. Seaward 
of this belt were broad carbonate platforms that 
were often fringed by reefs or stromatolites and 
that, as we have seen for eastern North America, 
terminated along a steep slope. Muds and breccias 
derived from the platform accumulated in deep 
eter near the base of its steep slope (Figure 
7-15), and subduction zones that lay close to cra- 
tons contributed volcanic rocks to the deep-water 
belt from the opposite direction. 

Trilobites, the dominant skeletonized animals 
of Middle and Late Cambrian oceans, were dis- 
tributed around continents in a pattern corre- 
sponding to the arrangement of the sedimentary 
belts. Certain groups of these trilobites are found 
primarily in deep-water deposits. They include 
small, blind forms that apparently lived as plank- 
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nated by a mass extinction (see arrows at left). A 
stratigraphic interval representing approximately 5 
million years is shown on the right. Note that many 
trilobite species survived for less than 1 million years. 
(After J. H. Stitt, Oklahoma Geol. Surv. Bull. 124:1 -79 
1977.) 


a short time and then dwindled in the face of com- 
petition from new, more successful forms. The 
beds above contain a different fauna that consisted 
of about half as many species. From this fauna 
there issued a new adaptive radiation that lasted 
several million years — until another mass extinc- 
tion started the cycle again. 

What led to the periodic mass extinction of 
trilobites? Elimination of shallow-water habitats 
by lowering of sea level can be ruled out, because 
the extinctions did not all coincide with regression 
of seas from most areas of Laurentia. In fact, a 
sizable regression occurred in Late Cambrian 
time, between two mass extinctions (Major 
Events, p. 242). Because the adaptive radiation 
that preceded each mass extinction took place in 
association with the deposition of tropical lime- 
stones, it has been suggested that a sudden, tem- 
porary cooling of the seas was the agent of the 
trilobites' periodic massive death. This idea gains 
support from evidence that the adaptive radiation 
following each mass extinction issued from a 
group of trilobites that lived offshore in cool, deep 
waters marginal to the continent. These offshore 
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FIGURE 10-27 Repeated adaptive radiation and mass 
extinction of Cambrian trilobites. The vertical bars in- 
dicate the stratigraphic ranges of important species in 
Middle and Upper Cambrian deposits of North America. 
The ranges form clusters and thus delineate three suc- 
cessive adaptive radiations, each of which was termi- 


repeated mass extinctions of the Cambrian Pe- 
riod. Each mass extinction was followed by an 
adaptive radiation that restored the diversity of 
shallow-water trilobites to a high level (Figure 
10-27). These events are well documented for 
North America but thus far have been recorded 
elsewhere only in Australia. 

Each adaptive radiation of Cambrian trilobites 
occupied several million years, but each extinc- 
tion was quite sudden (Figure 10-27). The fossil 
record reveals that each extinction took place 
during the deposition of a thin layer of sediment: 
thus it can be inferred that each must have oc- 
curred over an interval of no more than a few 
thousand years. The transition from one adaptive 
radiation to another followed a characteristic pat- 
tern that is illustrated in Figure 10-28. The mass 
extinction is recorded in a layer of limestone or 
shale just a few centimeters thick. Above this “di- 
saster" layer, in sedimentary beds just a meter or 
so thick, a variety of new trilobite genera join spe- 
cies that survived the mass extinction. These beds 
accumulated during a brief time of biotic adjust- 
ment in which opportunistic species flourished for 
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Meters 





appear at the “0 meter" level. Just above this level, only 
a few forms are found, and, in the absence of other gen- 
era, these forms were very abundant. Arrows indicate 
that species are also found below or above the occur- 
rences displayed in the diagram. (After A. R. Palmer, 
Alcheringa 3:33-41, 1979.) 


Baltica Moves Northward 


As late as Middle Ordovician time, the center of 
Baltica lay far south of the equator. The Ordovi- 
cian temperature gradient from equator to pole 
was nonetheless gentle enough to allow diverse 
marine faunas to occupy the shallow seas of Bal- 
tica. During the latter half of the Ordovician Pe- 
riod, Baltica moved toward the equator. Migrat- 
ing north along with Baltica were England and 
southern Ireland, each of which had either been 
attached to the North African margin of Gond- 
wanaland or had lain nearby (Figure 10-29). It was 
this movement that brought Baltica close to the 
eastern margin of Laurentia when the first Paleo- 
zoic tectonic cycle of the Appalachian region 
ended with orogeny and the deposition of flysch 
and clastic wedges (Figure 7-13). As Baltica and 
England moved toward Laurentia, the brachio- 
pods, trilobites, and graptolites of these two 
northward-moving landmasses became increas- 
ingly similar to those of Laurentia. As Chapter 11 
will reveal, it was not until Siluro-Devonian time, 
however, that the Iapetus Ocean closed and 
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FIGURE 10-28 The stratigraphic pattern of trilobite 
mass extinction recorded in limestones at the top of the 
Cambrian Bonanza King Formation of Nevada. The 
gray band above each genus shows how the relative 
abundance of the genus changed through time. Many 
genera of the Marjumiid interval (see Figure 10-27) dis- 


trilobites did not suffer in the mass extinction. 
Such evidence is only circumstantial, however, 
and the case for temperature as an agent of mass 
extinction remains unproved. 


PALEOGEOGRAPHY OF THE 
ORDOVICIAN WORLD 


After its general rise during the Cambrian Period, 
sea level stood high during much of Ordovician 
time, flooding broad cratonic areas (Major Events, 
p. 242). Widespread regressions during that pe- 
riod do not appear to have had any major effect on 
marine life. There is abundant evidence, how- 
ever, that a cooling of climates contributed to the 
major marine extinction that took place at the 
close of the Ordovician Period. Before discussing 
the probable cause of this extinction, let us exam- 
ine the profound local climatic consequences of 
the movement of two major continents, Gond- 
wanaland and Baltica. 








during Late Ordovician time. (After R. K. Bambach et 
al., American Scientist 60: 26-38, 1980.) 


the equator late in Cambrian time (Figure 10-25), 
but by mid-Ordovician time, only its northern 
margin was equatorial (Figure 10-29). Several 
million years before the end of the Ordovician 
Period, glaciers grew in and around the south 
polar region of Gondwanaland, and as the period 
came to aclose, the glacial episode reached a cli- 
max that was accompanied by a mass extinction in 
the marine realm. 

Because the bulk of the evidence for extensive 
glaciation lies in remote desert regions of north- 
ern Africa, it was not discovered until the 1970s. 
At that time three or four levels of glacial deposits 
as well as a remarkable variety of glacial features, 
including ancient moraines (p. 54), were found in 
the central Sahara Desert together with scratch 
marks on Upper Ordovician rocks and ice-rafted 
boulders (Figure 10-30). These features and less 
extensive ones on other continents point to wide- 
spread glaciation late in Ordovician time. Possible 
tillites in North and South America may be of Si- 
lurian age; confirmation of the age and glacial ori- 
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FIGURE 10-29 Movement of Baltica northward dur- 
ing the Ordovician Period. Arrows show the directions 
in which Baltica, southern Ireland, and England moved 


Baltica was united with Laurentia, England with 
Scotland, and the northern part of Ireland with 
the southern part. 


Glaciers in Gondwanaland and 
Marine Mass Extinction 


The mass extinction at the close of Ordovician 
time was one of the most severe ever to strike life 
in the oceans, eliminating about a hundred fami- 
lies of marine animals. It devastated the tropical 
reef community, which by this time was domi- 
nated by bryozoans, tabulates, and stromatopor- 
oids. Also hard hit were trilobites, nautiloids, 
brachiopods, crinoids, and bryozoans. Plate 
movements seem to have played a major role in 
triggering the crisis. 

While Baltica moved toward the equator, 
Gondwanaland moved poleward. Thus, while Bal- 
tica became warmer, parts of Gondwanaland be- 
came much cooler. Gondwanaland lay squarely on 
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tend to remain warmer than the land in cold re- 
gions, in part because the albedo (the reflectance 
of sunlight) is usually higher for land than for 
water (p. 31). Moreover, ocean waters of cold re- 
gions usually mix with waters from warmer re- 
gions; so a glacier may accumulate on a large body 
of land in a cold polar region while an ocean in the 
same vicinity remains ice-free. 

It has been suggested that the lowering of 
sea level at the end of the Ordovician Period con- 
tributed to the mass extinction of marine life 
by reducing the area of shallow seafloor, but 
the connection is doubtful. Large numbers of 
modern species survive on small areas of sea- 
floor: the shallow seafloor around the small, iso- 
lated Hawaiian islands today supports about a 
thousand species of shelled mollusks. Moreover, 
episodes of sea-level lowering earlier in Ordovi- 
cian time failed to cause mass extinction, even 
though they were of the same magnitude as the 
drop at the end of the period (Major Events, 
p. 242). 

Several patterns suggest that cooling of the 
seas played an important role in the Late Ordovi- 
cian mass extinction. For one thing, extinction was 
heaviest in the tropics, as we would expect if 
seas cooled on a global scale. Under such cir- 
cumstances, temperate climatic zones would be 
expected to migrate equatorward, and faunas 
adapted to these zones would also be expected to 
migrate. On the other hand, cooling of the tropics 
would leave species adapted to warm tropical 
conditions with no place to go. The fossil record 
not only reveals the predicted heavy extinction at 
low latitudes, as evidenced by the destruction of 
the tropical reef community, but also shows that 
faunas that had lived at high !atitudes migrated 
toward the equator as the mass extinction pro- 
gressed during Late Ordovician time. Both life of 
the seafloor and planktonic graptolites migrated 
in this way. Further evidence of the cooling of 
equatorial seas is the fact that the deposition of 
limestone, which is favored by warm conditions, 
slowed in earliest Silurian time. 


REGIONAL EXAMPLES 


Now that we have viewed early Paleozoic history 
from a distance, let us focus on some interesting 
regional developments, first in eastern North 
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northern Africa. The map shows the glaciated area 
(shaded), directions of ice flow (arrows), and the posi- 
tion of the Late Ordovician South Pole. The photograph 
is of glacial sediments in the Arabian Peninsula; the 
arrow points to a cavity where an ice-transported 
boulder about 1 meter (— 1 yard) in diameter has weath- 
ered out of the tillite. (Courtesy of H. A. McClure.) 


gin of these deposits would indicate a continua- 
tion of the glacial episode beyond Ordovician 
time. In any event, this episode seems to have 
peaked near the close of the Ordovician Period, 
causing sea level to drop rapidly. 

Without question, the movement of Gond- 
wanaland over the South Pole contributed to the 
Ordovician glacial episode. In general, oceans 


wedges were forming. As this figure indicates, the 
Juniata and Queenston formations spread west- 
ward from what might be called the Taconic 
Mountains. Beyond the clastic belt, the central 
interior of the United States (southern Laurentia) 
was flooded by shallow seas in which limestones 
accumulated. 

We have also seen that the Iapetus Ocean had 
narrowed greatly by this time, as Baltica ap- 
proached so close to Laurentia that their shallow- 
water marine faunas became quite similar. 


Stability in Western North America 


Recall that a marine carbonate platform rimmed 
the craton of Laurentia during Cambrian time 
(Figure 7-14), and that in the east this platform 
persisted into Late Ordovician timc, when orog- 
eny causedit to sink and give way to environments 
of flysch and then molasse deposition (Figure 
7-13). The marginal carbonate platform survived 
much longer in westcrn North America. Parts of it 
sank into deep water during Silurian time, but 
orogeny did not strongly affect the western mar- 
gin of the craton until the end of the Devonian 
Period. 

Thus throughout Cambro-Ordovician time a 
stable continental shelf bounded western North 
America, passing diagonally across what is now 
southern California (Figure 10-31). Coarse, 
poorly sorted sediments derived from shallow- 
water environments accumulated at the base of a 
steep platform edge, just as they did in the east 
(Figure 7-15). In many places there are great 
thicknesses of these limestones, composed in part 
of debris from shallow-water stromatolites and in- 
vertebrates (Figure 10-32). Deposits that accu- 
mulated on deep seafloors beyond the platform 
include black limey mudstones and limestones. 

To the north, in British Columbia, the conti- 
nental rise at the base of the carbonate bank was 
the depositional setting of the famous Burgess 
Shale, where an amazing fauna of soft-bodied ani- 
mals was preserved. It is said that this fauna was 
discovered by acurious accident. In 1909 Charles 
Walcott, the secretary of the Smithsonian Institu- 
tion and an expert on Cambrian fossils, was riding 
along a narrow mountain trail when his horse 
stumbled over a block of shale in which Wal- 
cott caught a glimpse of a spectacularly well- 
preserved fossil. Careful examination of the strata 
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America late in Ordovician time, when the 
Iapetus Ocean narrowed or closed altogether 
and mountains were uplifted, then in western 
and central North America during Cambro- 
Ordovician time. 


The Border of a Narrowing Iapetus Ocean 


As we have seen, the first Paleozoic tectonic cycle 
of the Appalachians ended in Late Ordovician and 
Silurian time with the deposition of clastic wedges 
that were shed westward from a newly forming 
mountain belt produced by the Taconic orogeny 
(Figure 7-13). Figure 10-31 shows the regional 
geography when the latest Ordovician clastic 
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FIGURE 10-31 Pattern of deposition in North Amer- 
ica during latest Ordovician time, when glaciers were 
spreading over parts of Gondwanaland. The Iapetus 
Ocean narrowed as Baltica and Laurentia converged. In 
eastern North America, the Juniata and Queenston for- 
mations formed as clastic wedges of sediment shed in- 
land from newly formed mountains (see Figure 7-13). 
Carbonate sediments were laid down in the shallow seas 
that inundated almost all of the craton of North Amer- 
ica. These deposits blanketed the failed rift in southern 
Oklahoma that had extended inland from the Gulf Coast 
in the early Paleozoic. Several low islands remained 
along the Transcontinental Arch. The continental mar- 
gin bordering western North America remained stable, 
but volcanic islands lay offshore. 
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FIGURE 10-33 A fossil-collecting party from the 
Smithsonian Institution working at their quarry in the 
Burgess Shale in British Columbia. Figure 10-8 shows 
specimens from the quarry. (Smithsonian Institution.) 


the escarpment is still preserved in cross section in 
the mountainside some 200 meters (r 650 feet) 
above the beds that preserve the fossils (Figure 
10-34). Presumably the carbonate bank stood 
close to sea level, so this figure of 200 meters 
approximates the depth at which the Burgess 
fauna was preserved. The Burgess fauna was col- 
lected from a series of turbídite beds. Within each 
bed, calcareous siltstone grades upward into fine- 
grained mudstone. The beds apparently formed 
when turbid flows descended the escarpment 
from one or more channels in the carbonate bank. 
Most of the animals found in the Burgess Shale 
probably lived along the continental margin and 
were swept farther down the steep continental 
slope by the turbid flows. It is possible that they 
were preserved in the absence of oxygen because 
they were buried very rapidly, but because sev- 
eral flows produced the same result, it seems more 
likely that the entire site was an oxygen-free basin 
near the foot of the continental slope — a depres- 
sion filled with stagnant water from which oxygen 
had become depleted. The Santa Barbara Basin off 
the coast of California may represent a modern 
analog. In any case, we must be grateful for this 
spectacular glimpse of the soft-bodied marine life 
of Middle Cambrian time. 
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FIGURE 10-32 An outcrop of the Cambro-Ordovician 
Hales Limestone in Nevada, representing the ancient 
continental slope of western North America (see Figure 
10-31). The photograph shows a graded bed of coarse 
fragments of shallow-water limestone that were trans- 
ported down the continental slope. (H. E. Cook and 

M. E. Taylor, U.S. Geological Survey.) 


above the trail turned up the layer, 2 meters (— 7 
feet) thick, from which the fossil-bearing block 
had fallen. Walcott organized a quarrying opera- 
tion and removed nearly all of the fossil-bearing 
material (Figure 10-33). 

Since Walcott's day the Burgess assemblage 
has been studied extensively. The fact that the 
fauna is so well preserved indicates that it was 
entombed in an oxygen-free environment from 
which destructive bacteria and scavenging ani- 
mals were excluded. Stratigraphic evidence fur- 
ther indicates that the Burgess Shale was depos- 
itedat the foot ofthe steep carbonate shelf. In fact, 
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FIGURE 10-34 Location of the Burgess Shale Quarry 
within the Stephen Formation in British Columbia. The 
formations labeled in the diagram are identified in the 
photograph by letters. The arrow in the diagram points 
to the edge of the ancient continental shelf. The Burgess 
Shale accumulated at the foot of the steep slope below 
this shelf edge. (Photograph from W. H. Fritz, Proc. 

N. Amer. Paleont. Conv. J:1155-1170, Allen Press, 
Lawrence, Kansas, 1969.) 


included many kinds of brachiopods, mollusks, 
echinoderms, and other marine invertebrates. 


2 During the Cambrian Period, trilobites suf- 
fered periodic mass extinctions, the last of which 
occurred at the close of the period. 


3 During Cambro-Ordovician time, stromatolites 
declined, apparently because of the grazing and 
burrowing activities of new groups of animals. 
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CHAPTER SUMMARY 


l The early Paleozoic world was populated by 
three successive faunas of marine invertebrates: 
first the earliest Cambrian Tommotian fauna of 
small animals, many of which are not known from 
later intervals; then the main Cambrian fauna, 
which was dominated by trilobites but included the 
earliest vertebrates; and finally the Ordovician 
fauna. The latter resembled faunas of later Paleo- 
zoic time in the diversity of its components, which 
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3 In which continental regions is the climate 
likely to have been warmer in Late Cambrian 
time than it is today? (Compare Figure 10-25 
with a map of the modern world.) 


4 Give two reasons why limestone was more 
widely deposited in shallow waters during the 
Late Cambrian Period than it is today. (Ques- 
tion 3 supplies one hint, and Figures 10-25 and 
10-23 provide another.) 


5 How did the Cambro-Ordovician history of the 
eastern margin of North America differ from 
that of the western margin? (Your answer will 
be more complete if you reexamine the discus- 
sion of the origin of the Appalachian Mountains 
in Chapter 7.) 


6 Where was Gondwanaland at the start of the 
Paleozoic Era? 


7 Whatis the significance of the Burgess Shale? In 
what geographic region and environmental set- 
ting did it form? 


8 Describe the general paleogeography of Lau- 
rentia during mid-Cambrian time. 


ADDITIONAL READING 


Bruton, D. L. (ed.), Aspects of the Ordovician Sys- 
tem: A Handbook. Universitetsforlaget, Oslo, 
1984. 


Gould, S. J., Wonderful Life: The Burgess Shale 
and the Nature of History, W. W. Norton, New 
York, 1989. 


McMenamin, M. A., ^The Emergence of Ani- 
mals,” Scientific American, April 1987. 


Morris, S. Conway, and H. B. Whittington, “The 
Animals of the Burgess Shale,” Scientific Amer- 
ican, July 1979. 


Palmer, A. R., "Search for the Cambrian World," 
American Scientist 62:216 —224, 1974. 


4 During the Ordovician Period there developed 
a highly successful reef community that was domi- 
nated by tabulates, stromatoporoids, and colonial 
rugose corals. This community went on to thrive 
throughout almost all of middle Paleozoic time. 


5 Early in the Cambrian Period, many continents 
stood unusually high above sea level; but as the 
period progressed, the continents were increas- 
ingly flooded. Siliciclastic deposits fringed the 
land, and carbonates were laid down across the 
expanding continental shelves and along marginal 
platforms. 


6 Late in the Ordovician Period, the Iapetus 
Ocean narrowed as Laurentia and Baltica moved 
closer together. At the same time, subduction led 
to mountain-building episodes in eastern North 
America. 


7 Whereas the carbonate platform bordering 
eastern North America was destroyed by Late Or- 
dovician mountain building, the carbonate plat- 
form that bordered western North America re- 
mained intact into middle Paleozoic time. 


8 Late in the Ordovician Period, after an interval 
during which the seas had stood unusually high 
throughout the world, global sea level dropped as 
continental glaciers spread over the part of Gond- 
wanaland that had moved toward the South Pole. 
At the same time, a mass extinction eliminated 
many groups of marine life. 


EXERCISES 


1 Why do geologists know more about the life 
that colonized early Paleozoic seafloors than 
about the life that floated and swam above those 
seafloors? 


9 What fossil evidence suggests that there were 
more effective predatory animals during the 
Ordovician Period than in Cambrian time? 
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The Middle Paleozoic World 


Carboniferous System above. (The Carbonifer- 
ous System, though younger than the Devonian, 
had been recognized earlier in the century.) 
The broad, shallow epicontinental seas of Si- 
lurian and Devonian time teemed with life. In the 
tropical zone, a diverse community of organisms 
built reefs larger than any that had formed during 
early Paleozoic time. More advanced predators 
were also on the scene, including the first jawed 
fishes—a few of which were the size of large 
modern-day sharks. The Devonian Period was also 
distinguished by the progressive colonization of 
land habitats by new forms of life. Plants, for ex- 
ample, were restricted to marshy environments in 
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he oceans of the world stood high during most 

of Silurian and Devonian time, leaving a wide- 
spread sedimentary record on every continent. 
Marine deposition was interrupted in one region, 
however, by the most profound plate-tectonic 
event of middle Paleozoic time: the suturing of 
Baltica to Laurentia along a zone of mountain 
building. As we saw in Chapter 7, this orogenic 
event produced the Caledonide mountain belts of 
Europe and the Acadian orogen of the Appala- 
chian region. 

In the northern British Isles, Silurian rocks 
were tilted by the Caledonian orogeny, and thus 
an angular unconformity separates them from the 
overlying Devonian sediments. It was farther 
south, in Wales, however, that in 1835 Roderick 
Murchison founded the Silurian System, along 
with the Cambrian. Five years later, Murchison 
and Adam Sedgwick formally recognized the 
Devonian System, naming it for the county of 
Devon, along the southern coast of England. They 
recognized that the fossils in this system were in- 
termediate in character (we would now say inter- 
mediate in evolutionary position) between those 
of the Silurian System below and those of the 
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The Old Red Sandstone forms cliffs along the coast of‏ 
the Orkney Islands off northern Scotland. (John Forbes/‏ 
PEP.)‏ 





MAJOR EVENTS OF MIDDLE PALEOZOIC TIME 





-— — ee S 
— T کہ ج س‎ 


First 
land vertebrates 
(amphibians) 









First seeds; 
first 

large trees 
and forests 


پر کے 


سے 





+ Radiation j First insects 
+ of jawed j 
fishes / 
E First 
j ammonoids 


Renewed marine 
adaptive radiation 





۹ OWN : ر‎ 
d SY 
Ye / 
ee از‎ 
j 
3 
] 2۳۰ E و‎ ? 


Late Ordovician 
mass extinction 


in the Devonian Period, when arthropods also invaded 
the land and the first insects appeared. During Late 
Devonian time, continental glaciers formed in Gond- 
wanaland and a mass extinction struck marine faunas. 
Vertebrates moved onto the land shortly after the first 
large trees evolved there and the first large forests 
developed. 


Mass extinction 
(destruction of 

tabulate-strome 
reef community, 
etc.) 
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Early in the Silurian Period, adaptive radiation replen- 
ished marine life after the mass extinction that brought 
the Ordovician to a close. Although the seas generally 
stood high during middle Paleozoic time, sea level 
dropped sharply during the Late Silurian and Early De- 
vonian. New groups of swimming predators, including 
jawed fishes and ammonoids, became conspicuous early 
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Paleozoic time, just as they had been in late Pre- 
cambrian and early Paleozoic time (Figures 9-10 
and 10-9). One of the most spectacular Early Si- 
lurian adaptive radiations, however, was that of 
the graptolites, which had nearly disappeared at 
the end of the Ordovician Period (as Figure 4-2 
shows). The number of species of graptolites 
known in the British Isles increased from about 12 
to nearly 60 during just the first 5 million years or 
so of Silurian time. 


Luxuriant Reefs Most of the Silurian radiations 
of marine life did not vastly alter marine ecosys- 
tems; instead they refilled niches that were va- 
cated by the mass extinction at the end of the 
Ordovician. Builders of organic reefs, however, 
did diversify in new ways, and in some shallow 
waters they produced much larger reefs than any 
of Cambro-Ordovician age. In Chapter 10 we saw 
that a new kind of organic reef developed in mid- 
Ordovician time: While the earliest reefs of the 
Middle Ordovician were formed entirely by bryo- 
zoans, later Middle Ordovician reefs were more 
complex, with tabulates and stromatoporoids 
playing dominant roles in their construction. Reef 
communities of this second general type, which 
we can call tabulate-strome reefs, diversified and 
persisted for about 120 million years, until late in 
the Devonian Period. The success of these reefs 
was a result of mid-Paleozoic adaptive radiations 
of tabulates, colonial rugose corals, and stromato- 
poroids (Figure 10-16). 

During the Silurian Period, tabulate-strome 
reefs occasionally attained heights of 10 meters 
(~ 35 feet) above the seafloor. During Devonian 
time, however, tabulate-strome reefs assumed 
enormous proportions. We will examine some of 
these large reefs later in this chapter. In areas 
subjected to strong wave action, the growth of 
tabulate-strome reefs followed a characteristic 
ecologic succession (Figure 11-4). First, sticklike 
tabulates and rugose corals colonized an area of 
subtidal seafloor. A low mound was then formed 
when these fragile forms were encrusted by platy 
and hemispherical tabulates and colonial rugose 
corals. Finally, as the mound grew up toward sea 
level, stromatoporoids and algae encrusted the 
seaward side, forming a durable ridge. Tabulates 
and colonial rugose corals occupied a zone of 
quieter water behind the ridge, and beyond them 


Silurian time but were forming large forests by 
Late Devonian time. The oldest known insects are 
also of Early Devonian age; and near the end of 
the Devonian Period, the first vertebrate animals 
crawled up onto the land, the fins of their ances- 
tors having been transformed into legs. Shortly 
before the end of the Devonian Period, however, 
a wave of mass extinction swept away large num- 
bers of aquatic taxa, leaving an impoverished biota 
in their place during the final 3 or 4 million years 
of the Devonian Period and the earliest segment of 
late Paleozoic time. 


LIFE 


After the great mass extinction at the close of the 
Ordovician Period, many of the decimated taxa 
diversified once again. Their recovery surpassed 
the Ordovician adaptive radiation, yielding su- 
perior reef builders and swimming predators. 
Plants, too, expanded their ecologic role on the 
land, and animals invaded the terrestrial realm. 


Aquatic Recovery 


Most of the marine taxa that had flourished during 
the Ordovician Period rediversified after the ter- 
minal Ordovician mass extinction to become 
prominent members of the Silurian and Devonian 
marine biota. The trilobites failed to recover fully, 
however, and were less conspicuous in middle Pa- 
leozoic than in early Paleozoic seas. For other 
groups, recovery took the form of renewed adap- 
tive radiation. As Figure 11-1 shows, all of the 
important Paleozoic articulate brachiopods were 
well represented in middle Paleozoic seas. 
Other marine groups that recovered during 
middle Paleozoic time were the bivalve and gas- 
tropod mollusks (Figure 11-2). The bivalves, in 
fact, expanded their ecologic role by invading 
nonmarine habitats; some of the oldest known 
freshwater bivalves are found in the Upper De- 
vonian strata of New York State. On the surface of 
the seafloor, bryozoans (Figure 10-13) rediversi- 
fied after the crisis that ended the Ordovician, and 
crinoids (Figure 10-15) and rugose corals (Figure 
11-3) increased in variety. Acritarchs were the 
dominant group of fossil phytoplankton in middle 
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FIGURE 11-1 Middle Paleozoic articulate brachio- sentatives of each brachiopod order. (Diversity data 


pods. Above: The diversity (numbers of genera) of the from Treatise on Invertebrate Paleontology; brachiopod 
six major orders of Paleozoic brachiopods, all of which illustrations from James Hall's volumes of the New York 


were well represented in middle Paleozoic (Silurian and State Natural History Survey [1862 — 1894].) 
Devonian) time. Below: Typical middle Paleozoic repre- 
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FIGURE 11-2 Typical mol- 
lusks that inhabited middle Pa- 
leozoic seafloors. A and B. Two 
snails. C and D. Two bivalves 
that attached to the substratum 
by threads. C closely resembles 
certain modern species that live 
partially buried in sediment, 
and D is related to modern 
wing shells that arc attached 

to objects standing upright on 
the seafloor. E is a species that 
burrowed in sediment. (From 
James Hall’s volumes of the New 
York State Natural History Sur- 
vey [1879 —1885].) 
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FIGURE 11-3 Rugose corals of De- 
vonian age. The polyp of each solitary 
coral sat on the bladelike septa at the 
top of the cone-shaped skeleton, which 


was about the size of a radish. (Chip 
Clark.) 
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3. Mature 





2. Intermediate 


Stick forms «d FIGURE 11-4 Ecologic succession of a typ- 
ical Devonian reef. (1) The pioneer commu- 
nity consisted of fragile, twiglike rugose 
corals and tabulates. (2) Broad and mound- 
1. Pioneer like tabulate colonies dominated during the 
intermediate stage of development. (3) In 
the mature stage, the reef grew close to sea 
level, and waves broke against a ridge of 
massive, encrusting stromatoporoids; behind 
them were species that were adapted to 
quieter water, and leeward of these was a la- 
goon populated by fragile, twiglike species. 
The leeward side of the lagoon was bounded 
by a small stromatoporoid ridge. At left is a 
photo of a moundlike reef formed by tabu- 
lates and rugose corals. The fossils were col- 
lected in Michigan (see Figure 11-26) and 
were then reassembled at the Smithsonian 
Institution to recreate the reef. This mound- 
like reef represents the intermediate stage 
(2). (Diagram after P. Copper, Proc. Second 
Internat. Coral Reef Symp. 1:365 - 386, ۰ 
Photograph by the author.) 
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FIGURE 11-5 Reconstruction of an 
Upper Devonian reef in New York 
State. Numerous kinds of corals are 
present. In the right foreground is a 
huge, spiny trilobite that measured 
about 45 centimeters (~ 18 inches) in 
length. (Carnegie Museum of Natural 
History.) 


New Swimming Invertebrates Perhaps the 
greatest change in the nature of aquatic ecosys- 
tems during middle Paleozoic time resulted from 
the origin of new kinds of nektonic (swimming) 
animals, many of which were predators. The most 
important of these swimmers among the inverte- 
brates were the ammonoids. These coiled cepha- 
lopod mollusks evolved from a group of straight- 
shelled nautiloids during Early Devonian time 
(Figure 11-6). After giving rise to the ammonoids, 
the nautiloids persisted at low diversity. The am- 
monoids, in contrast, diversified rapidly, and be- 
cause their species were distinctive, widespread, 
and relatively short-lived, they serve as important 
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degrees of coiling. The bulblike shape of the earliest 
part (tip) of each shell, together with other shared fea- 
tures, suggests that these species are closely related to 
one another; the coiling sequence displayed here ap- 
parently represents the evolutionary sequence. (After 
H. K. Erben, Biol. Rev. 41:641 -658, 1966.) 
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was a lagoon in which mud-sized sedimentary 
grains accumulated along with coarser skeletal 
debris from the reef. Pockets of fossils preserved 
in reef rock reveal that a wide variety of inverte- 
brates inhabited tabulate-strome reefs; brachio- 
pods and bivalve mollusks attached themselves to 
a typical reef, snails grazed over it, and crinoids 
and lacy bryozoans reached upward from its 
craggy surface. Although its fauna would look 
unusual to us today, a living, fully developed 
tabulate-strome reef (Figure 11-5) would cer- 
tainly seem as colorful and spectacularly beautiful 
as the coral reefs that flourish in the modern trop- 
ics (p. 47; Box 2-1). 







FIGURE 11-6 Shells of Lower Devonian cephalopod 
mollusks from the Hunsriick Shale of Germany reveal 
the apparent evolutionary sequence leading from nauti- 
loids to early ammonoids. A and B. Fragments of nau- 
tiloids of the group that evolved into ammonoids. C 
through E. Early ammonoid species representing various 


Chapter 11 The Middle Paleozoic World 275 


guide fossils in rocks ranging in age from De- 
vonian to latest Mesozoic. (Ammonoids died out 
along with the dinosaurs at the end of the Meso- 
zoic Era.) 

The eurypterid arthropods were a second im- 
portant group of invertebrate predators that pro- 
liferated during middle Paleozoic time. These dis- 
tant relatives of scorpions were swimmers, and 
many had claws. Although the eurypterids ap- 
peared in the Ordovician Period and survived 
until Permian time, their most conspicuous fos- 
sil record is in middle Paleozoic rocks (p. 238 
and Figure 11-7). Unlike ammonoids, eurypterids 
ranged into brackish and freshwater habitats. 





Jawless Fishes Other swimmers that were 


FIGURE 11-7 Reconstruction of a Late Silurian eur- adapted to both marine and freshwater conditions 
ypterid. This animal was about 0.5 meters (~ 20 inches) were the fishes. The major groups are illustrated 
long. The appendages beneath the head of this species in Figure 11-8. Whereas only fragments of fish 


bore sharp spikes for stabbing prey. (Chip Clark.) 
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today were in existence; no ostracoderms and few plac- John Wiley ی‎ Sons, Inc., New York, 1980.) 








e 


FIGURE 11-10 Pteraspis, a Devonian ostracoderm 
(jawless fish) that was about 6 centimeters (~ 21 inches) 
long. Note the difference between the asymmetry of the 
tail here and in Hemicyclaspis (Figure 11-9). A. Upper 
and lower surfaces of a well-preserved specimen from 
the Old Red Sandstone of Wales. B. Side view of a res- 
toration. (A. E. I. White, Philos. Trans. Roy. Soc. Lon- 
don B225:381—457, 1935. B. Field Museum of 

Natural History.) 


suggesting a life of more active swimming well 
above lake floors and river bottoms. Ostraco- 
derms not only lacked jaws for chewing but also 
lacked highly mobile fins, which provide more 
advanced fishes with stability and control of their 
movements, and bony internal skeletons; it is as- 
sumed that ostracoderms had cartilaginous inter- 
nal skeletons. These animals continued to thrive 
throughout most of the Devonian Period but dis- 
appeared at the end of that interval. 


Fishes with Jaws Late in Silurian time a second, 
quite different group of small marine and fresh- 
water fishes made their appearance. These were 
the acanthodians—elongate animals with nu- 
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skeletons have been found in early Paleozoic sedi- 
ments (Figure 10-10), the Silurian and Devonian 
systems have yielded diverse, fully preserved fish 
skeletons, many of which were found in fresh- 
water deposits of lakes and rivers. 

We do not know when fishes first occupied 
fresh water. The fact that all known Cambro- 
Ordovician fish remains have been found in ma- 
rine deposits does not prove that fishes evolved in 
the ocean, but it does lend support to the idea. 
Most Silurian fish remains, unlike most Cambro- 
Ordovician fish fossils, come from freshwater de- 
posits. One of the most conspicuous groups of 
these fishes were the ostracoderms, whose name 
means “bony skin.” Ostracoderms were small ani- 
mals with paired eyes like those of higher verte- 
brates. Lacking jaws and covered by bony armor, 
ostracoderms did not resemble modern fishes. In 
addition, ostracoderms had small mouths and 
could have consumed only small items of food. 
Many of these fishes, such as Hemicyclaspis (Fig- 
ure 11-9), also had flattened bellies that appar- 
ently were adapted to a life of scurrying along the 
bottoms of lakes and rivers. The upper fin of the 
asymmetrical tail of Hemicyclaspis was elongate; 
when the animal wagged it back and forth for 
swimming, this structure would have pushed 
its head downward rather than upward. In con- 
trast, the ostracoderm known as Pteraspis (Figure 
11-10) had a curved belly and an elongate lower 
fin in its tail that would have lifted it upward, 





FIGURE 11-9 Reconstruction of Hemicyclaspis, a De- 
vonian ostracoderm (jawless fish) that was about 20 
centimeters (~8 inches) long. The upper picture shows 
the asymmetrical tail, and the lower picture shows the 
flattened belly; both of these features probably relate to 
a life of scurrying along the floors of lakes and rivers. 
(Field Museum of Natural History.) 
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leosteus, a Late Devonian marine genus, attaineda 
length of some 10 meters (~ 30 feet). Like other 
placoderms, it had armorlike bone protecting the 
front half of its body (Figure 11-12), but its unar- 
mored tail was exposed to attack, remaining flexi- 
ble for locomotion. Figure 11-13 depicts Dunk- 
leosteus pursuing Cladoselache, ashark commonly 
found with it in black shales of northern Ohio. 
Sharks were, in fact, among the most impor- 
tant groups of fishes in Devonian seas. Unknown 
in rocks older than mid-Devonian, the sharks may 
have been the last major group of fishes to evolve. 
Devonian sharks were primitive forms, and few 
greatly exceeded 1 meter (~3 feet) in length. 
Also making an appearance in Devonian time 
were the ray-finned fishes. These jawed forms, 
which attained only modest success during the 
Devonian Period, went on to dominate Mesozoic 
and Cenozoic seas. They include most of the fa- 
miliar modern marine and freshwater fishes, such 
as trout, bass, herring, and tuna. The term ray- 
finned refers to the fact that the fins of these fishes 
are supported by thin bones that radiate from the 
body— the bones that can be seen through the 
transparent fins of living fishes. The oldest mid- 
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FIGURE 11-12 The massive, armored skull of Dunk- 
leosteus, a placoderm fish of Late Devonian age. This 
formidable species of jawed fish attained a length of 
more than 10 meters (~ 30 feet). Note the bony teeth 
and the armor protecting the eye. (Chip Clark.) 
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FIGURE 11-11 Restoration of Euthacanthus, a mem- 
ber of the most primitive group of jawed fishes, which 
are known as acanthodians. This animal was about 20 
centimeters (~8 inches) in length. (Field Museum of 
Natural History.) 


merous fins supported by sharp spines (Figure 
11-11; see Box 11-1). The acanthodians appear to 
have been the first fishes to possess several fea- 
tures that were passed on to more advanced, mod- 
ern fishes: Their fins were paired; scales rather 
than bony plates covered their bodies; and, most 
important, they had jaws. With the origin of jaws, 
a wide variety of new ecologic possibilities 
opened up for vertebrate life — possibilities that 
related primarily to the ability to prey on other 
animals. Unlike ostracoderms, many acanthodians 
must have been predators that fed on small aquatic 
animals. As Box 11-1 indicates, it seems evident 
that the jaws of acanthodians evolved from the gill 
supports of ancestral fishes. 

Acanthodians declined near the end of De- 
vonian time, but they left an evolutionary legacy 
of great ecologic significance. We do not know 
precisely how more advanced groups of fishes 
were related to acanthodians, but during the De- 
vonian Period, a great adaptive radiation of de- 
scendant jawed fishes added new levels to the 
food webs of both freshwater and marine habitats. 
Soon very large fishes were feeding on smaller 
fishes, which, in turn fed on still smaller fishes. At 
the top of this food web were the largest repre- 
sentatives of the group, the placoderms. These 
heavily armored jawed fishes made their appear- 
ance during the Devonian Period but almost dis- 
appeared before the beginning of Carboniferous 
time. A few placoderms are known from upper- 
most Silurian and Lower Devonian freshwater de- 
posits, and a wide variety of freshwater species 
existed by mid-Devonian time. Only secondarily 
did placoderms make their way into the oceans, 
and they were not highly diversified until Late 
Devonian time. During their brief stay on Earth, 
however, this remarkable group of fishes ex- 
panded to include a wide variety of species. Dunk- 
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che. (See Figure 11-12.) (Drawing by Z. Burian under 
the supervision of Professor J. Augusta.) 


tinent, a land area formed, as we will see later in 
this chapter, by the closing of the Iapetus Ocean. 
This ancient landmass included parts of modern 
North America, Greenland, and western Europe. 

The origin of the ray-finned fishes was an 
event of great significance, but so was the origin of 
a related group of jawed fishes—one that in- 


cluded the lungfishes and the lobe-finned fishes. 


Fishes with Lungs The Devonian Period was the 
time of greatest success for the lungfishes, which 
survive today via only three genera—one in 
South America, one in Africa, and one in Australia. 
(Presumably this fragmented distribution reflects 
the Mesozoic breakup of Gondwanaland.) The 
Australian genus, Neoceratodus, so closely resem- 
bles the Triassic genus Ceratodus that it is com- 
monly referred to as a “living fossil.” The surviv- 
ing lungfishes are named for the lungs that allow 
them to gulp air when they are trapped in stagnant 
pools during the dry season. Such lungs presum- 
ably served a similar function in Devonian time. 
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FIGURE 11-13 The giant placoderm Dunkleosteus, 


shown in pursuit of the Late Devonian shark Cladosela- 


Devonian ray-finned fishes, such as Cheirolepis 
(Figure 11-14), differed from modern represen- 
tatives in that they had asymmetrical tails and 
diamond-shaped scales that did not overlap. 
Cheirolepis and many other freshwater fishes 
of Devonian age have been found in deposits that 
accumulated around the Old Red Sandstone con- 





FIGURE 11-14  Cheirolepis, a primitive ray-finned 

fish of mid-Devonian age. The tail of this animal was 
strongly asymmetrical, and the small, diamond-shaped 
scales did not overlap. The animal was about 10 centi- 
meters (~ 4 inches) long. (After A. S. Romer, Vertebrate 
Paleontology, University of Chicago Press, Chicago, 1966.) 
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defenseless ostracoderms, which died out late in 
the Devonian Period, must also have served as 
easy prey for jawed fishes. Ostracoderms even 
lacked the ability to burrow in sediment, which at 
least some of the trilobites could do (Figures 10-3, 
10-12, and 10-13). 


Plant Life: Invasion of the Land 


It is difficult to imagine how the landscape looked 
in Precambrian and early Paleozoic times, before 
there were conspicuous terrestrial plants. Certain 
terrestrial environments must have been popu- 
lated by algae and other simple plants and plant- 
like organisms, but there were no forests or mead- 
ows, and there must have been large areas of 
barren rock and soil with little or no humus (de- 
cayed organic matter). Thus one of the most im- 
portant events revealed by the fossil record of Si- 
lurian and Devonian life was the invasion of 
terrestrial habitats by higher plants. 

The basic requirements for the terrestrial ex- 
istence of large multicellular plants are very dif- 
ferent from those of plants that live in water. Un- 
like water, air is a fluid that has a much lower 
density than the tissues of a plant; thus, if plant is 
to stand upright in air, it must have a rigid stalk or 
stem. A tall plant must also be anchored by a root 
system or by a buried horizontal stem, which 
serves the further indispensable function of col- 
lecting water and nutrients from the soil. 

The first upright plants to make their way onto 
the land lacked the roots, leaves, and efficient 
means to transport nutrients that made their de- 
scendants so successful. Essentially, these plants 
were simple rigid stems. Fragments of such early 
plants have been found in Silurian rocks. Silurian 
plants seem to have been pioneers that lived near 
bodies of water, and they may actually have been 
semiaquatic marsh dwellers rather than fully ter- 
restrial plants. 


Vascular Plants Most large plants of the modern 
world are vascular; that is, their stems have one set 
of special tubes to carry water and nutrients up- 
ward from their roots and another to distribute the 
food that the plants manufacture for themselves. 
Most large modern plants also bear leaves, which 
serve to capture the sunlight that assists in the 
manufacture of food. 
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FIGURE 11-15 The lobe-finned fish Eusthenopteron, a 
large animal that exceeded 50 centimeters (~ 20 inches) 
in length. This unusually well-preserved specimen is 
from Upper Devonian deposits at Scaumenac Bay, Can- 
ada. (See Figure 11-23.) (Swedish Museum of Natural 
History.) 


Lungfishes belong to a group known as lobe- 
finned fishes (Figure 11-15). These fishes derive 
their name from their paired fins, whose bones are 
not radially arranged, as in ray-finned fishes, but 
instead are attached to their bodies by a single 
shaft. Most lobe-finned fishes inhabited fresh 
water, but one unusual group, the coelacanths, 
invaded the oceans. A single coelacanth genus 
survives today in deep waters off the southeastern 
coast of Africa. Lobe-finned fishes declined after 
the Devonian period but left a rich evolutionary 
legacy. As we will see, lobe-finned fishes are the 
ancestors of all terrestrial vertebrates, including 
humans; their lungs were the predecessors of our 
own. 


The Impact of Swimming Predators The great 
diversification of jawed fishes and, to a lesser ex- 
tent, the expansion of ammonoids and eurypterids 
must have had a profound effect on many rela- 
tively defenseless aquatic animals. These preda- 
tors may have contributed to the middle Paleozoic 
decline in the diversity of trilobites. About 80 
families of trilobites are known from the Ordovi- 
cian (far fewer than are known from the Cam- 
brian), but only 23 families have been found in 
Silurian deposits. It seems likely that the weakly 
calcified external skeletons of trilobites offered 
little resistance to the jaws of fishes, and certainly 
trilobites had no mechanism for rapid locomotion. 
In Chapter 10 it was suggested that nautiloids, 
which evolved at the very end of the Cambrian 
Period, suppressed the diversification of trilobites 
during the Ordovician Period. Continuing with 
this line of reasoning, we must suspect that more 
advanced cephalopods and jawed fishes were 
largely responsible for the further decline of trilo- 
bites in mid-Paleozoic time. The small, apparently 
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when they are released into the environment. 
Ferns are familiar spore-bearing plants in the 
modern world. The fossil record of spores resem- 
bling modern ones extends well back into the Or- 
dovician System (Figure 10-24), but while these 
older spores suggest that upright land plants ex- 
isted much earlier than the Late Silurian, they 
may in fact represent aquatic or semiaquatic 
species. In some Early Devonian forms, solitary 
spore-bearing organs stood atop upright stalks, 
while other species displayed clusters of spore- 
bearing organs in similar positions; and in still 
other species, organs were arrayed along the 
upright stalks (Figure 11-16). 
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Box 11-1 
Jaws, Evolution, and Genetic Engineering 


The origin of jaws teaches us an important lesson 
about evolution. The process of natural selection 
must work with the materials at hand. Genetically 
based variability within populations is the raw ma- 
terial on which natural selection must work, but this 
variability is limited. New biological structures 
must evolve from old ones, not from raw materials 
derived from sources outside the organism. Even 
some potentially useful modifications of animals 
and plants that simple genetic changes might pro- 
duce have never actually occurred simply because, 
by chance, the genetic changes have never taken 
place. Mutations, after all, are genetic accidents. 

The evolution of jaws transformed the marine 
ecosystem. It also added a new dimension to life on 
land when jawed vertebrates emerged from aquatic 
environments near the end of the Devonian Period. 
Both in the sea and on the land, the existence of 
jaws permitted sophisticated predators to evolve. 
Ultimately, evolution produced human jaws by re- 
modeling those of fishes. Of course, there were 
many stages of development along the way, and 
other lines of evolution produced jaws of various 
other types. 

Where did fishes get their jaws? Evolution did 

not grow them from tiny beginnings. Instead, as 

evolution has so often done in "building" new bio- 
logical structures, it produced jaws from other 
features that were already well developed. Jaws 


A major adaptive breakthrough for life on 
land, before the evolution of roots and leaves, was 
the origin of vascular tissue. Two kinds of tubes 
developed — one for the transport of water and 
nutrients and another for the transport of manu- 
factured food. Figure 11-16 shows the tubes 
within a stem ofthe Early Devonian genus Rhynia. 
A few kinds of vascular plants are found in non- 
marine deposits of latest Silurian age (Figure 
11-17). These plants had branched leaves as well 
as bulbous organs that shed spores. 


Spore-Bearing Plants Spores are reproductive 
structures that can grow into new adult plants 


Chapter 11 The Middle Paleozoic World 281 


An engineer with the power to design and build 
a shark would produce a better jaw than the primi- 
tive one that evolved from the gill bar. The skeleton 
of the early jaw consisted of soft cartilage rather 
than bone, and it floated loosely in soft tissue, with- 
out connection to the braincase. The primitive teeth 
also remained too much like denticles to function as 
effectively as those that an engineer might design or 
those that evolution eventually produced. 

When humans interfere with the natural pro- 
cess of evolution by breeding domestic animals and 
plants selectively to improve their value to society, 
they are at the mercy of the variability that appears 
in the populations they breed. They cannot produce 
any kind of cow, chicken, or corn plant that they 
desire. Genetic engineering— the process in which 
biologists artificially redesign organisms by re- 
structuring their genetic codes — carries human 
interference further, but even genetic engineering 
has limitations. Only certain genetic recombinations 
are possible, and many of them produce organisms 
that will not develop properly or function well. 

It is easy to see why evolution has produced 
many organisms that seem highly imperfect and 
why it has failed to produce all kinds of organisms 
that our imaginations can conjure up. Chance has 
limited its productions, and so has the requirement 
that it create new forms of life from ones that al- 
ready exist. 


FIGURE 11-16 The Early Devonian vascular plant 
Rhynia. The reconstruction shows how, in this primitive 
form, a simple horizontal stem served the function of a 
root system and there were no leaves. The vascular tis- 
sue that transported water is seen as a small dark area in 
the cross section of the stem; around this, and visible as 
a narrow, light-colored ring in the cross section, is vas- 
cular tissue that transported food. (From M. E. White, 

The Flowering of Gondwana, Reed Books Pty. Ltd., 1990.) 
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some plants had developed vascular tissues that 
occupied a larger volume within the stem and 
were therefore mechanically stronger and more 
efficient transporters of nutrients. Plant groups 
with these useful traits also evolved roots for sup- 
port and for effective absorption of nutrients as 
well as leaves for capturing large quantities of 
sunlight. These plants seem to have competitively 
displaced such plants as Rhynia, which were less 
efficient at obtaining nutrients, synthesizing food, 
and growing to a large size. 

Certain of the small plants that arose during 
Early and Middle Devonian times are classified as 
lycopods. This group includes the tiny club mosses 
of the modern world (Figure 11-18), but as we will 
see in Chapter 12, some late Paleozoic lycopods 
grew to the proportions of trees, and their petri- 
fied remains supply much of modern society’s 
coal. These large forms vanished by the end of the 
Paleozoic Era, however, and only tiny creeping 
lycopods resembling the primitive types of the 
Early Devonian have survived to this day. 

Because of the limitations imposed by their 
mode of reproduction, these Early Devonian land 
plants must have formed low marshes along bodies 
of water (Figure 11-19). Like living ferns and 
other present-day spore-bearing plants, they have 
a complex reproductive cycle that would have re- 
stricted them to habitats that were damp at least 
part of the year. This reproductive cycle requires 
not only a conspicuous spore-bearing plant, such 
as a fern, but also a tiny, inconspicuous plant over 
whose surface a sperm must travel to fertilize an 
egg. The sperm requires moist conditions to make 
its journey. As the Devonian Period progressed, 
however, the appearance of a seeond adaptive 
"innovation," the seed, liberated land plants from 
their dependence on moist conditions and al- 
lowed them to invade many habitats. 

Since fertilization is an internal process in 
seed-bearing plants, environmental moisture is 
not necessary. The seed, which results from fertil- 
ization, is released as a durable structure that can 
sprout into a plant when conditions become favor- 
able. Pollen, which represents a different part of 
the cycle in seed-bearing plants, also tolerates a 
wide variety of environmental conditions. Pollen 
travels through the air to fertilize eggs so that 
seeds can form. Today most large land plants grow 
from seeds. As we will see in Chapter 14, how- 
ever, advanced seed plants with flowers did not 
evolve until Cretaceous time. Flowers attract 
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FIGURE 11-17 One of the oldest known vascular 
plants, a specimen of the genus Baragwanathia from 
the Upper Silurian of Victoria, Australia. This plant was 
about 2.5 centimeters (~ 1 inch) in diameter. (Francis 
M. Haeber, Smithsonian Institution.) 


Whether or not land plants existed much be- 
fore latest Silurian time, it was apparently near 
the end ofthe Silurian Period that vascular tissues 
evolved. As a result of this physiological break- 
through, a great adaptive radiation took place in 
Early Devonian time. The Devonian plants that 
resulted were still relatively low, creeping forms 
that lacked well-developed roots and leaves, but 
during Early and Middle Devonian time, more 
complex plants evolved. The vascular tissues of 
early vascular plants such as Rhynia were confined 
to a narrow zone ofthe stem (Figure 11-16) and so 
were mechanically weak and inefficient at con- 
ducting liquid. By late Devonian time, however, 
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FIGURE 11-18 Reconstructions of Protolepidoden- tall. In contrast to these oldest and youngest representa- 
dron (A) and Asteroxylon (B), primitive Devonian tives, many lycopods of late Paleozoic time were large 
forms of lycopods. Lycopodium (C) is a small form like trees. (C. D. Klees/PEP.) 
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FIGURE 11-19 Reconstruction of an 
Early Devonian landscape, where 
many of the first land plants still bor- 
dered bodies of water. These plants 
were generally less than 1 meter 

(~3 feet) tall. (Chase Studio, Inc.) 





One of the consequences of the spread of ter- 
restrial vegetation was that, for the first time in 
Earth’s history, plants carpeted the soil and 
gripped it with their roots, thereby stabilizing it 
against erosion. Braided-river deposits, which re- 
flect rapid erosion (p. 59), characterize the clastic 
wedges of Precambrian and early Paleozoie age. 
Only in middle Paleozoic time, when vegetation 
first stabilized the land, did rivers begin to me- 
ander and to deposit sediment in orderly cycles 
(p. 60) on a large scale. 


Animals Move onto the Land 


The Rhynie Chert of Scotland is a Lower Devo- 
nian formation that has yielded not only a variety 
of beautiful fossil plants but also some of the oldest 
known nonmarine arthropods, including scorpi- 
ons and flightless insects. 

Arthropods probably invaded dry land in Late 
Silurian time, before some of their terrestrial 
representatives were preserved in the Rhynie 
Chert — but it was not until the Late Devonian 
interval that vertebrate animals made a similar 
transition. Anatomical evidence indicates that the 
four-legged vertebrates most closely related to 
fishes are the amphibians — frogs, toads, sala- 
manders, and their relatives. That amphibians 
represent the most primitive four-legged verte- 
brates is also suggested by the fact that these ani- 
mals are legless and aquatic early in life. They 
hatch from eggs in water, spend their juvenile 
existence there, and then usually metamorphose 
into air-breathing, land-dwelling adults. Living 
amphibians are small animals that differ substan- 
tially from the large fossil amphibians found in 
upper Paleozoic rocks. Their evolutionary history 
began late in the Devonian Period. 

In eastern Greenland, the remains of unusual 
vertebrate animals have been found in uppermost 
Devonian rocks of the Old Red Sandstone conti- 
nent. These fossils, many of which are assigned to 
the genus Ichthyostega, represent creatures that 
are strikingly intermediate in form between lobe- 
finned fishes and amphibians: The lobe fin itself is 
formed of an array of bones resembling that found 
in amphibians; similarly, the complicated teeth of 
lobe-finned fishes closely resemble the teeth of 
early amphibians (Figure 11-22). These features 
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insects and birds, which effect fertilization by un- 
knowingly carrying pollen from flower to flower. 
More primitive, flowerless seed-bearing plants 
lack this sophisticated mechanism of fertiliza- 
tion, relying instead on less efficient agents — 
primarily wind—to carry pollen from plant to 
plant. 

Flowerless seed plants originated in Late De- 
vonian time and soon became important elements 
of late Paleozoic terrestrial floras (Figure 11-20), 
opening up a new world to the plant kingdom. 
During Late Devonian time, for the first time, dry 
land was invaded on a vast scale. Seed plants soon 
grew into large trees with strong, woody stems 
(Figure 11-21), which changed the face of Earth. 
Trees formed the world’s first forests, where there 
had been only barren land before. 





FIGURE 11-20 Reconstruction of Upper Devonian 
plants that bore some of the oldest known seeds at 

the ends of their branches. Individual seeds, four of 
which are shown, were about 1 centimeter (~4 inch) in 
length. (J. M. Pettitt and C. B. Beck, University of Michi- 
gan Paleont. Contrib. 22:139- 154, 1968.) 


Chapter 11 The Middle Paleozoic World 285 





alone strongly suggest that amphibians evolved 
from lobe-finned fishes, but additional features 
make the derivation a certainty. Ichthyostega had 
four legs, as do amphibians, but its skull structure 
was remarkably like that of a lobe-finned fish. The 
creature also had a fishlike tail — one feature of its 
ancestors that was probably not useful on land 
(Figure 11-23). Because of this intriguing combi- 
nation of features, Ichthyostega, which was not 
discovered until the present century, represents 
what is commonly termed a “missing link." 

The lung, which was occasionally used by 
early fishes to breathe air, was available for ex- 
ploitation long before amphibians evolved. In the 
way the lung became a full-time supplier of oxy- 
gen we can see yet another example of the “op- 
portunism" of evolution. Unlike the gill supports, 
which evolved into jaws earlier in vertebrate evo- 
lution, the lungs developed from a preexisting 
structure that required very little evolutionary 
modification to open up an entirely new mode of 
life. 

More than 80 million years passed between 
the time when vascular plants appeared on land 
(Late Silurian or earlier) and the time when the 
first amphibians evolved (latest Devonian). It is 
not surprising that vascular plants colonized the 
land before vertebrate animals, because a food 
web must be built upward from the base; animals 
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FIGURE 11-21 Archaeopteris, one of the very old- 
est kinds of large tree. A. A segment of a branch with 
leaves. B. Drawing of the entire tree. (After C. R. Beck, 


Biol. Rev. 45:379 —400, 1970.) 


Lobe-finned fishes Amphibians 


FIGURE 11-22 Lobe-finned fishes (left) and amphibi- 
ans (right). A. The shoulder and limb bones; shading 
identifies particular bones that the two groups have in 
common. B. Cross sections of teeth, showing the un- 
usual, complex structure found in both groups. 
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FIGURE 11-23 The primitive amphibian Ichthyo- (left) and the lungfish Rhynchodipterus (right). The 
stega, whose legs contrast with the fins of the approxi- trunk and branches belong to the tree fern Eosperma- 
mately contemporary lobe-finned fish Eusthenopteron topteris. (Drawing by Gregory S. Paul.) 


cannot live on land in the absence of an adequate Early Permian that might be called the Age of 
supply of edible vegetation. Amphibians. Nevertheless, the dominant animals 

Amphibians evolved so late in Devonian time of that interval descended from the Late Devo- 
that they played no significant role in the ecosys- ^ nian Ichthyostega or from similar taxa that remain 
tem of that period. It was the Carboniferous and undiscovered. 


Chapter t1 The Middle Paleozoic World 287 


North Africa share at least 80 percent of their 
Late Devonian genera of marine invertebrates. 


Biogeographic Provinces of the 
Devonian Period 


During Silurian time, conspicuous marine groups, 
such as the brachiopods and graptolites, were re- 
markably cosmopolitan in that a number of spe- 
cies and genera inhabited the shallow seas of many 
continents. At this time the continents formed a 
relatively tight cluster. By Early Devonian time, 
however, mountain building associated with the 
formation of the Old Red Sandstone continent left 
an embayment that projected from the south far 
into the interior of what is now North America 
(Figure 11-24). During the first half of the Devo- 
nian Period this area became the Appalachian 
province, and its fauna was distinctive. Further 
transgression of the seas connected it with the 
west coast, however, so that the Appalachian ma- 
rine faunas were blended again with others. 

At the same time, possibly because ofa cooling 
of polar regions, a discrete marine province 
formed along the margin of southern Gondwana- 
land. This southern realm, which is called the 
Malvinokaffric Province, was populated by a 
fauna that appears to have lived in cool water. 
Within this province early in Devonian time, the 
Paraná Basin (now central South America) was 
partly barred from the open ocean by newly 
formed mountains in the Andean region (Figure 
11-25). The center of the Paraná Basin lay per- 
haps only 15° from the South Pole, so it is not 
surprising that, though stromatoporoids, tabu- 
lates, and rugose corals formed reefs throughout 
most of the shallow-water areas in the world, they 
were not found in this basin. Also missing were 
bryozoans and ammonites. Burrowing bivalves 
formed a large percentage of the marine species in 
the Parana Basin, just as they do in polar regions 
today. 


Late Devonian Mass Extinction 


One of the most devastating mass extinctions of 
marine life in all of Phanerozoic time took place 
near the end of the Devonian Period. Geolo- 
gists divide the Upper Devonian Series into two 
stages — the Frasnian Stage and the Famennian 
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In general, the Silurian and Devonian were pe- 
riods when sea level stood high in relation to the 
surfaces of major cratons (Major Events, p. 270). 
Early in Silurian time, sea level rose from its low 
position at the end of the Ordovician Period — a 
rise that is thought to have resulted from the melt- 
ing or partial melting of the extensive polar gla- 
ciers that had formed late in Ordovician time. Si- 
multaneously, many marine invertebrate taxa 
underwent the adaptive radiations discussed ear- 
lier in this chapter. 

The widespread occurrence of organic reefs, 
carbonates, and evaporites strongly suggests that 
middle Paleozoic climates were relatively warm. 
Because they were especially warm during the 
Devonian Period, it has been suggested that 
shallow-water tropical marine communities were 
more widespread at this time than at any other 
time in the Phanerozoic Eon. Climates not only 
were warm but in many areas were relatively dry; 
in fact, larger volumes of evaporite deposits accu- 
mulated in middle Paleozoic than in early Paleo- 
zoic time. Note that evaporites of Silurian age lie 
within 30° or so of the ancient equator but that 
some Devonian evaporites formed farther north 
and south, apparently reflecting the widespread 
distribution of warm climates during the Devo- 
nian Period (Figure 11-24). 


Continents and Oceans 


Figure 11-24 displays the positions of continental 
areas during Middle Silurian time and during late 
Early Devonian time, about 65 million years later. 

An important new geographic feature to ap- 
pear during Devonian time was the Old Red Sand- 
stone continent, named for a well-known, largely 
Devonian sandstone unit of the British Isles 
(p. 268). This continent of high relief formed 
when Laurentia and Baltica were welded together 
as the Iapetus Ocean disappeared. Earlier we saw 
that this collision began in the north during the 
Silurian Period and progressed southward, ending 
late in Devonian time (p. 178). Paleomagnetic 
evidence reveals that by the end of the De- 
vonian Period, the gap between the Old Red 
Sandstone continent and Gondwanaland had 
narrowed. The proximity of these continents ex- 
plains the fact that North America, Europe, and 
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In the marine realm, brachiopods were hard 
hit; only about 15 percent of Frasnian brachiopod 
genera are found in Famennian strata. Ammo- 
noids experienced a similar decline, and many 
types of gastropods and trilobites disappeared as 
well. Two complex communities seem to have suf- 
fered almost total collapse: the tabulate-strome 
reef community and the pelagic community 
(plankton and nekton). The tabulate-strome com- 
munity had enjoyed its greatest faunal diversity 
during Middle Devonian time, 100 million years 
or so after it came into existence. During much of 
the Frasnian Age, reef species had already dimin- 
ished somewhat, but at the end of Frasnian time, 
the reef community suffered truly catastrophic 
extinctions. Tabulates, stromatoporoids, and ru- 
gose corals are rarely seen in Famennian strata, 
and tabulate-strome reefs are virtually nonexis- 
tent both here and in younger Paleozoic strata. 
Within the pelagic system, acritarchs, the only 
group of phytoplankton with an extensive Devo- 
nian fossil record, suffered heavy losses, and placo- 
derms, the dominant pelagic carnivores, almost 
disappeared. 

The demise of the middle Paleozoic reef com- 
munity exemplifies an important geographic pat- 
tern of the Late Devonian mass extinction: Tropi- 
cal taxa were most severely affected. In contrast, 
the polar communities of the Malvinokaffric Prov- 
ince of South America (Figure 11-25) were 
largely unaffected. This bias against tropical spe- 
cies suggests that an episode of global cooling may 
have led to the mass extinction. Fossil evidence in 
New York State supports this hypothesis. Here 
glass sponges, which today live in cool waters, 
experienced an evolutionary expansion while 
many previously diverse groups of marine animals 
were on the decline. After the mass extinction, 
when the groups that had suffered heavy losses 
began to rediversify, the glass sponges dwindled, 
perhaps in response to a return of warm climatic 
conditions. 

Supporting these ideas is another pattern: 
After the mass extinction, the rate at which lime- 
stones accumulated in shallow seas declined. 


The Start of a New Glacial Interval 


The glacial episode that began in Late Ordovician 
time, when Gondwanaland migrated over the 
South Pole, appears to have ended during the Si- 
lurian Period. Because no glacial deposits of Early 


FIGURE 11-24 World geography during middle Pa- 
leozoic time. During this interval a broad tropical sea- 
way developed north of Gondwanaland. Note how the 
Old Red Sandstone continent (ORS) was formed during 
this interval by the union of Baltica and Laurentia; the 
Appalachian biogeographic province became isolated to 
the west. Shallow seas near the South Pole formed the 
Malvinokaffric Province, where species were apparently 
adapted to cold temperatures. In the lower map, the 
question mark in the tropical seaway between the Old 
Red Sandstone continent and Gondwanaland signifies 
the possibility that this seaway may have closed during 
the Devonian Period. (Modified from R. K. Bambach et 
al., American Scientist 68:26-38, 1980.) 


Stage. The great extinctions occurred late in Fras- 
nian and early in Famennian time. 

On the land, vascular plants appear to have 
been unaffected by the Late Devonian crisis, but it 
is difficult to interpret the meaning of their per- 
sistence, because they differed so much from 
modern plants. 
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FIGURE 11-25 The position of Gondwanaland in late 
Early Devonian time. The Parana Basin, which lay near 
the south pole on what is now the continent of South 
America, supported cold-water marine faunas. Later in 
Devonian time, reefs grew extensively near the equa- 
tor along what is now the western margin of Australia. 
(Modified from C. R. Scotese et al., Jour. Geol. 87:217- 
pu 1979) 
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۲ Barrier reefs 

9 Areas of smaller reef development (locations generalized) 
FIGURE 11-26 Middle Silurian reefs of the Great 
Lakes region. Barrier reefs encircled the Michigan Ba- 
sin and a smaller basin in Ohio. They also flourished in 
southern Indiana and Illinois. Extensive mud flats now 
lay to the east in the Pennsylvania region, in contrast 
with the environments of coarse clastic deposition that 
occupied this area in Early Silurian time. (Modified from 
K. J. Mesolella, Amer. Assoc. Petrol. Geol. Bull. 62:1607- 
1644, 1978.) 


development changed drastically from Middle to 
Late Silurian time. First, during the Middle Silur- 
ian, two basins accumulated muddy carbonates. 
One was the Michigan Basin, and the other lay in 
what is now north-central Ohio. These basins 
were bounded by large barrier reefs and were 
populated by scattered pinnacle reefs. At this time 
siliciclastic muds were still accumulating on broad 
tidal flats to the east. 

Asthe Silurian Period progressed, this pattern 
changed. To the east, siliciclastic mud deposition 
gave way to carbonate sedimentation. Central 
Pennsylvania and neighboring areas were now the 
sites of accumulation of supratidal, intertidal, and 
shallow subtidal carbonates (Figure 11-27). At the 
same time, the Michigan and central Ohio basins 
came to be only weakly supplied with seawater 
and thus turned into evaporite pans in which dolo- 
mite, anhydrite, and halite were precipitated. The 
resulting deposits are a major source of rock salt 
today. It appears that marginal reefs in the Michi- 
gan Basin grew so high during Middle Silurian 
time that they restricted the flow of water into the 
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Devonian age are known in Gondwanaland, it has 
been suggested that Gondwanaland migrated 
away from the South Pole in Late Silurian time, so 
that its southern region became less frigid. In any 
event, near the end of the Devonian Period, gla- 
cial deposits were laid down again in Gondwana- 
land. The location was northern South America, 
then near the South Pole, which lay in eastern 
Africa, according to paleomagnetic data (Figure 
11-25). Thus it appears that an episode of polar 
cooling and glaciation began in Late Devonian 
time, about the time the mass extinction struck 
marine life in the tropics. This association 
strengthens the idea that climatic cooling caused 
the extinction. 


REGIONAL EXAMPLES 


The Silurian and Devonian periods were times of 
widespread reef development and carbonate dep- 
osition, but they were also times of orogeny for the 
continents that bordered the Iapetus Ocean. 
While eastern North America was being trans- 
formed from an Early Silurian highland to a Mid- 
dle Silurian carbonate shelf, reefs and evaporite 
deposits were forming farther to the west. Later in 
the Devonian Period, the Old Red Sandstone con- 
tinent formed with the closure of the Iapetus 
Ocean, and in western North America reefs con- 
tinued to grow and mountains rose up. 


Eastern North America: Carbonates, 
Reefs, and Evaporites 


The first tectonic cycle of the central Appala- 
chians ended with the deposition of clastic wedges 
of sediment shed westward from the Taconic 
Mountains, which formed along eastern Laurentia 
late in the Ordovician Period (Figure 7-13). The 
Silurian Period began with a continuation of this 
pattern. As the eastern highlands were subdued 
by erosion, however, the site of clastic deposition 
became more broadly flooded by shallow seas, 
and late in Silurian time the deposition of shallow- 
water carbonates initiated the second tectonic 
cycle of the central Appalachians. 

To the west, tabulate-strome reefs dotted 
shallow epicontinental seas (Figure 11-26). Here, 
however, the pattern of sedimentation and reef 
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basin. In time, evaporation and possibly a slight 
lowering of sea level led to the exposure and con- 
sequent death of the reefs. Although a weak flow 
of seawater into the basin replenished the water 
that had been lost by evaporation, the rate of 
evaporation was so high that evaporite minerals 
were precipitated around the margins of the basin 
and even at considerable depths within it. At first 
the center of the basin was moderately deep, but 
as evaporites accumulated, the water there grew 
progressively shallower until eventually the sea 
was excluded altogether. 

Because the conditions within the evaporite 
basins were so inhospitable during the Late Silur- 
ian, reefs grew only in the southwest, in Indiana 
and Illinois. Here a number of reefs have been 
studied in detail. The most famous is the Thornton 
Reef of northern Illinois (Figure 11-28). The 
structure of this reef indicates the direction of 
the prevailing winds at the time it was growing: 
The stromatoporoid ridge obviously faced waves 
advancing from the southwest. 

As we saw in Chapter 7, carbonate deposition 
of the second tectonic cycle in the central Appala- 
chians was interrupted by the onset of orogenic 
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FIGURE 11-27 Mud cracks in intertidal deposits of 
the Middle Silurian Wills Creek Formation in western 
Maryland. A broad area of intertidal deposition lay to 
the east of the reef growth in the Great Lakes region. 
(From F. J. Pettijohn and P. E. Potter, Atlas and Glossary 
of Sedimentary Structures, Springer-Verlag, New York, 
1964.) 
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FIGURE 11-28 The Thornton Reef of northern Illi- 
nois. This circular reef is exposed in a limestone quarry. 
The upper diagram represents a cross section of the reef 
along the axis indicated in the map view below. A dura- 
ble stromatoporoid ridge faced the prevailing direction 
of wind-driven waves. Behind the ridge was a zone of 
tabulates and rugose corals, and beyond were a reef flat 
and a lagoon. A weaker stromatoporoid ridge bounded 
the lagoon on the leeward side. (After J. J. C. Ingels, 
Amer. Assoc. Petrol. Geol. Bull. 47:405 —440, 1963.) 
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Acadian Suturing The Old Red includes not only 
rocks of Early, Middle, and Late Devonian age but 
also rocks representing Late Silurian and earliest 
Carboniferous times. For a long time geologists 
found it puzzling that such a large volume of sedi- 
ment could have been shed from highlands in the 
British Isles when most of the isles’ area formed a 
depositional basin. Now the puzzle has been 
solved within the framework of plate tectonics by 
the reassembly of the landmass that formed when 
Laurentia, the British Isles, and Baltica were 
united during mid-Paleozoic time. Portions of this 
landmass that stood above sea level formed what 
has been called Laurasia, or the Old Red Sand- 
stone continent (Figure 11-24). The British Isles, 
which lay near the southeastern margin of this 
landmass, were the site of extensive freshwater 
molasse deposits derived from mountains in the 
area that is now Greenland (Figure 11-30). Recall 
that the orogenic activity associated with the for- 
mation of this continent proceeded from north 
to south (p. 178). Molasse deposition, which re- 
sulted from tectonic activity known as Caledonian 





with Laurentia to form the Old Red Sandstone continent 
(see Figure 11-24). The Old Red Sandstone was subse- 
quently deposited near the margin of this continent. (In- 
stitute of Geological Sciences, British Crown copyright.) 
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activity and continental suturing during the De- 
vonian Period. The Old Red Sandstone continent 
was formed by this suturing. 


The Old Red Sandstone Continent 


One of the classic angular unconformities in the 
geologic record occurs in Scotland between De- 
vonian beds of the Old Red Sandstone and the 
nearly vertical Silurian beds on which they rest. It 
was at the locality shown in Figure 11-29 that 
James Hutton recognized the meaning of strati- 
graphic unconformity in 1788. Thus it came to be 
understood that the Old Red Sandstone was de- 
posited after a Silurian episode of mountain 
building — as we now know, after the mountain 
building that occurred during the suturing of Bal- 
tica and Laurentia. The Old Red crops out over 
large areas of Scotland. Chunks of its distinctive 
red sandstones can be found in parts of Hadrian's 
Wall, built by the Roman emperor Hadrian across 
northern England in the second century. 


FIGURE 11-29 Angular unconformity between the 
Old Red Sandstone (top left) and Silurian rocks (bottom 
left) at Siccar Point, Berwickshire, Scotland. The Silur- 
ian rocks were tilted and folded when Baltica collided 
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Old Red Sandstone Continent 
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deposits accumulated in what is now central Germany. 
Shales accumulated in North America west of the Cats- 
kill clastic wedge, and limestones, reefs, and evaporites 
formed farther west. The Antler orogeny affected the 
western margin of the continent. 


western interior of North America, where the 
Transcontinental Arch persisted from early Pa- 
leozoic time (Figure 11-30) and little or no sedi- 
ment accumulated. The Devonian equator passed 
through the southern part of the Old Red Sand- 
stone continent. Prevailing trade winds must have 
blown from the east, as they do today (Figure 
2-10). Minor coal deposits, which formed from 
early land plants, are found in the east, where 
moist air must have risen as it passed landward and 
dropped moisture that it gained as it passed over 
seas to the east (Figure 11-30). Although evapo- 
rites are found here and there near the eastern 
margin of the continent, they are best developed 
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FIGURE 11-30 The Old Red Sandstone continent dur- 
ing Late Devonian time. The central mountain belt run- 
ning from north to south formed as Baltica converged 
with Laurentia (see Figure 11-24). Red beds were con- 
centrated in the south, near the equator. Deep-water 


in Britain, was under way in northern Britain early 
in Devonian time, but in the northeastern United 
States, the oldest molasse (clastic-wedge) depos- 
its, which resulted from the interval of deforma- 
tion known as Acadian, are of mid-Devonian age 
(Figure 7-13). The proximity of Britain and east- 
ern North America during the latter half of the 
Devonian Period explains another longstanding 
problem as well—the similarity of freshwater 
fishes and early land plants of the two regions. 


Interior and Eastern North Ameriea During 
much of Devonian time, an arm of land may have 
extended southwestward across what is now the 





much more rapidly than the crust subsided. The 
result was a westward regression, recorded in the 
enormous Catskill clastic wedge, which thins to 
the west, away from the source area. Nonmarine 
red beds in the east give way to finer-grained mar- 
ginal marine and marine deposits to the west (Fig- 
ure 11-31). 

The Catskill clastic wedge is sometimes re- 
ferred to as the Catskill delta, but the designation 
is inappropriate. The Catskill wedge does include 
a number of deltaic sequences that characteris- 
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FIGURE 11-31 Devonian sedimentary rocks of New 
York State. Above: Stratigraphic cross section of the for- 
mations. Coarse deposits shed from mountains to the 
east constitute a clastic wedge that is thinning to the 
west. Below: Environments of deposition of the Catskill 
clastic wedge and associated deposits of New York 
State. Braided streams meander seaward from the foot 
of mountains to the east. Eventually they empty into 
tidal channels behind barrier islands. Muds are depos- 
ited offshore. (Upper diagram after P. B. King, The Geo- 
logical Evolution of North America, Princeton University 
Press, Princeton, New Jersey, 1977; lower diagram after 
J. R. L. Allen and P. F. Friend, Geol. Soc. Amer. Spec. 
Paper 106:21-74, 1968.) 
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in the rain shadow to the west, in the area of North 
America where the Rocky Mountains now stand. 
The climate was at least intermittently hot and dry 
enough along the east and west coasts of the Old 
Red Sandstone continent so that caliche nodules 
formed in abundance in low-lying areas that are 
now represented by ancient soils. In the east, rain- 
fall was probably not only heavier but also sea- 
sonal, as in the tropics today. 

The eroding mountains in the northeastern 
United States supplied sediment to their west 
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FIGURE 11-32 The distribution of reefs in western 
Canada during the latter part of Devonian time. Late 
in Frasnian time, reef growth ceased, and black mud 
spread onto the continental shelf. Northeast of the ero- 
sion limit, Middle and Late Devonian rocks have been 
eroded away. (After E. R. Jamieson, Proc. N. Amer. 
Paleont. Conv. J:1300 - 1340, 1969.) 


Devonian time (Figure 1 1-32). Then, at the end of 
Frasnian time, the worldwide faunal crisis dis- 
cussed earlier brought an end to tabulate-strome 
reef building throughout the world. 

Through all of Silurian and nearly all of De- 
vonian time, the western margin of North America 


tically display coarsening-upward deltaic cycles 
(Figure 3-19), but it is really a composite of these 
sequences and others, including meandering- 
river deposits in which fine-grained sediments 
occur near the top (Figure 3-15). Sandstones 
and conglomerates were laid down in braided 
streams near highlands, meandering-river depos- 
its formed downstream, and tidal-flat deposits 
with marine faunas accumulated along the shore- 
line. Offshore were barrier islands and sandy 
shelves, and farther offshore, muddy seafloors. 
Late in the Devonian Period a muddy seaway 
lay between the Old Red Sandstone continent and 
the Transcontinental Arch, extending northward 
to the Hudson Bay area (Figure 11-30). The giant 
placoderm Dunkleosteus flourished in this sea, to- 
gether with other fishes now preserved in the 
black shales of northern Ohio (Figures 11-12 and 
11-13). Near the end of Devonian time, the depo- 
sition of black muds extended westward, leaving a 
remarkably large area of eastern and central 
North America blanketed with these sediments. 


Reef Building and Orogeny in 
Western North America 


Along the continental shelf west of the Old Red 
Sandstone continent in what is now western Can- 
ada, tabulate-strome reef complexes developed 
during the latter half ofthe Devonian Period (Fig- 
ure 11-32). Reefs here took the form of elongate 
barriers, atolls with central lagoons, and plat- 
forms. Many of the reefs that formed in this area 
now lie buried beneath the surface, and their 
porous textures have created traps for petroleum. 
The Devonian reefs of western Canada varied in 
form and organic composition, but typically they 
displayed the sequence of development illus- 
trated in Figure 11-4. Reef growth began with the 
development of a meadow of sticklike corals on a 
seafloor ofburrowed mud. These corals were then 
overgrown by colonial tabulates, which in turn 
gave way to massive stromatoporoids. Behind the 
reef, carbonate mud accumulated in quiet water. 
South of the belt of reef growth, carbonates were 
deposited in shallow seas, just as they had been 
early in Paleozoic time (Figure 11-30). 

During Frasnian time, subsidence of the reef 
area allowed deep-water muds to encroach on the 


shelf where reefs had flourished late in Middle 





dilleran region of North America during Phanero- 
zoic time. The remainder of the Cordilleran story, 
which will appear in the chapters that follow, has 
mountain building as its dominant theme. 


CHAPTER SUMMARY 


1 Many important middle Paleozoic groups of 
marine life, depleted during the great mass ex- 
tinction at the end of the Ordovician Period, reex- 
panded at the start of the Silurian Period. Other 
forms, such as the ammonoids and the jawed 
fishes, were new. Jawed fishes and mollusks occu- 
pied freshwater as well as marine habitats. 


2 The Silurian Period witnessed the invasion of 
the land by vascular plants, followed in Devonian 
time by the invasion of arthropods (scorpions and 
insects) and vertebrate animals (amphibians). 
During the Devonian Period, spore-bearing 
plants were joined by seed-bearing plants, which 
did not require moist habitats for reproduction 
and thus were not restricted to the fringes of 
aquatic habitats. 


3 During most of middle Paleozoic time, world 
climates were relatively warm, and the seas stood 
high in relation to the surfaces of continents. 


4 The Old Red Sandstone continent was formed 
by the unification of Laurentia and Baltica with 
the closure of the Iapetus Ocean along the chain of 
mountains that arose in the Acadian/Caledonian 
orogeny. Freshwater sediments of the new land- 
mass yield well-preserved fish fossils. 


9 Tabulate-strome reefs flourished throughout 
middle Paleozoic time and were especially abun- 
dant in the Great Lakes region and near the west- 
ern continental margin of North America. 


6 Shortly before the end of the Devonian Period, 
a great mass extinction eliminated many forms of 
marine life, including bottom-dwelling animals 
such as those that formed the tabulate-strome reef 
community and most acritarchs, which were float- 
ing algae. Species that occupied cold regions seem 
to have survived preferentially, suggesting that 
changing climatic conditions may have been the 
cause of the extinction. 
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FIGURE 11-33 The likely mechanism by which the 
Klamath Arc was added to the North American conti- 
nent by the Antler orogeny during late Devonian and 
Mississippian time. The basin between the craton and 
the Klamath Arc (A) closed. As the continental crust was 
thrust beneath the volcanic crust of the Klamath Arc, 
deep-sea sediments slid onto shallow-water carbonates 
along the Roberts Mountains Thrust (B). 


remained approximately where it had been during 
early Paleozoic time (Figure 11-30). In middle 
Paleozoic time, however, an island arc stood off- 
shore. Ophiolite sequences (graywackes, shales, 
cherts, and volcanics) in the Klamath Mountains 
and in the Sierra Nevada of present-day northern 
California record the presence of this Klamath Arc 
(Figure 11-33A). Rocks in Nevada show that this 
simple geographic picture became more complex 
between Middle Devonian and Early Mississip- 
pian time; they reveal closure of the basin be- 
tween the Klamath Arc and the craton. In central 
Nevada, deep-sea deposits like those of northern 
California can be seen to have been thrust as far as 
160 kilometers (— 100 miles) onto the craton (Fig- 
ure 11-33B). The principal thrust fault along 
which this movement occurred is called the Rob- 
erts Mountains Thrust. 

The collision ofthe arc and continental margin 
that produced the Roberts Mountains Thrust is 
known as the Antler orogeny. This was the first 
sizable episode of mountain building in the Cor- 
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you wanted to drill for oil in Devonian reefs, 
what geographic regions would seem most 
promising? 


9 What caused large quantities of sediment to ac- 
cumulate in the south-central part of the Old 
Red Sandstone continent during the Devonian 
Period? 
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EXERCISES 


] In what important ways did invertebrate life 
change between Ordovician time and Devonian 
time? 


2 What animals have the oldest extensive fossil 
record in freshwater sediments? 


3 In what way did terrestrial environments of the 
Late Devonian Period look different from those 
of Early Devonian time? 


4 What evidence do fossil bones and teeth pro- 
vide that amphibians evolved from fishes? 


5 Where was Greenland in relation to North 
America and Europe toward the end of the 
Devonian Period? 


6 Where was Gondwanaland located at the end of 
Devonian time? 


7 How do reefs of middle Paleozoic age illustrate 
ecological succession? 


$ Buried ancient reefs are commonly porous 
structures that serve as traps for petroleum. If 
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The Late Paleozoic World 


amphibians, both of which required moist condi- 
tions. At the same time, seed plants and mammal- 
like reptiles inherited the earth, and evaporites 
accumulated in many areas. 

In addition to the great mass extinction, an- 
other major event took place near the end of the 
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he late Paleozoic interval of geologic time in- 

cluded the Carboniferous Period, when new 
groups of animals and plants influenced the accu- 
mulation of sediments, and the subsequent Per- 
mian Period, when many of these organisms died 
out in the greatest mass extinction in all of Pha- 
nerozoic time. Before this event, during Carbon- 
iferous time, skeletal debris from Carbonif- 
erous marine organisms accumulated to form 
widespread limestones, and spore-bearing trees 
stood in broad swamps, contributing their wood 
to the formation of coal when they died. 

The late Paleozoic world was marked by major 
climatic changes that today are reflected in the 
distribution of rocks and fossils. Glaciers, for ex- 
ample, spread over the south polar region of 
Gondwanaland during the Carboniferous Period 
and then receded during Permian time. A general 
drying of climates at low latitudes during the Per- 
mian Period led to a contraction of coal swamps 
and to the extinction of spore-bearing plants and 


CC III 
During Late Carboniferous time, logs of spore-bearing 
trees accumulated in broad swamps to form coal depos- 
its that are now exploited by modern societies. Here 
ferns and seed ferns form the undergrowth beneath lyco- 
pod trees. On the fallen log on the right is a cockroach, 
one of the many kinds of insects that evolved during 
Late Carboniferous time. (Field Museum of Natural His- 
tory, Chicago, neg. 75400c.) 
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LIFE ON THE LAND 


ning in Late Carboniferous timc, climates became in- 
creasingly arid, and gymnosperms replaced spore- 
bearing plants as the dominant plants on the land. Late 
in Carboniferous time, insects with the ability to fold 
their wings evolved for the first time, and during the 
Permian Period, reptiles of increasingly high levels of 
adaptation replaced amphibians as the dominant large 
land animals. The most advanced mammal-like reptiles, 
the therapsids, underwent rapid adaptive radiation dur- 
ing Late Permian time and then suffered heavy losses at 
the close of this epoch. 


The Carboniferous System was formally rec- 
ognized in Britain in 1822, early in the history of 
modern geology. Its name was chosen to reflect 
the system’s vast coal deposits, which had long 
been mined for fuel. Actually, it is only the upper 
part of the Carboniferous System that harbors 
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Gondwanaland may have been covered with glaciers 
throughout late Paleozoic time. Sea level stood highest 
in mid - Early Carboniferous time and underwent its 
biggest declines near the end of the Carboniferous and 
Permian periods. Sea level also rose and fell on a smaller 
scale during repeated expansions and contractions of 
glaciers, which locked up water on the land. In the 
oceans, late Paleozoic time began with continued recov- 
ery from the Late Devonian mass extinction and ended 
with a mass extinction in Late Permian time. Some large 
groups of animals dwindled and others died out. Begin- 


Paleozoic Era. This was the attachment of Gond- 
wanaland to the Old Red Sandstone continent, ac- 
companied by mountain building in Europe and in 
eastern North America. By the time this major 
suturing event was completed, almost all of the 
supercontinent of Pangaea was in place. 
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bearing plants— initially dominated terrestrial 
habitats but were later replaced by more fully ter- 
restrial reptile groups. By the end of Permian 
time, the terrestrial reptiles displayed a variety of 
adaptations for feeding and locomotion, many of 
which resembled those of mammals. 


Marine Life 


Some groups of marine life never recovered from 
the mass extinction of Late Devonian time. Tabu- 
lates and stromatoporoids, for example, never 
again played a major ecologic role. The ammo- 
noids, on the other hand, rediversified quickly and 
once again assumed an important ecologic posi- 
tion; indeed, ammonoid fossils are widely em- 
ployed to date late Paleozoic rocks (Figure 12-1). 
Also persisting from Devonian time as mobile 
predators were diverse groups of sharks and ray- 
finned bony fishes. Gone shortly after the start of 
Carboniferous time, however, were the armored 
placoderms that had ruled Devonian seas. The ab- 
sence of armored placoderms and of similar fishes 
after earliest Carboniferous time reflected a gen- 
eral trend: Although the late Paleozoic is not 
known for vast changes in the composition of ma- 
rine life, heavily armored taxa of nektonic (swim- 
ming) animals tended to give way to more mobile 
forms. Apparently, as the Paleozoic Era pro- 
gressed the ability to swim rapidly became a near 
necessity, probably because of the increasingly 
effective predators that inhabited the seas during 
this interval. After Devonian time, armored fishes 
never again dominated marine habitats, and 
heavy-shelled nautiloids also declined in number. 
In contrast to these heavy, awkward forms, the 
swimmers that thrived in late Paleozoic time — 
the ammonoids and, especially, the sharks and 
ray-finned fishes — were highly mobile. 

We know little about the groups of algae that 
floated in late Paleozoic seas alongside fishes and 
ammonoids. Phytoplankton are not well repre- 
sented in the late Paleozoic fossil record, although 
some groups must have prospered without leaving 
recognizable fossils. The record of the readily 
preserved acritarchs shows that this group per- 
sisted but never reexpanded after the great ex- 
tinction that led to its decline near the end of the 
Devonian Period. 

After the decline of the tabulate-strome com- 
munity (p. 289), organic reefs remained poorly 


enormous volumes of coal; the lower part contains 
an unusually large percentage of limestone. Rec- 
ognizing this distinction, American geologists, 
late in the nineteenth century, began to refer to 
the lower, limestone-rich Carboniferous interval 
as Mississippian because of its excellent exposure 
along the upper Mississippi River Valley and to 
the upper, coal-rich interval as Pennsylvanian be- 
cause of its widespread occurrence in the state of 
Pennsylvania. Soon the Mississippian and Penn- 
sylvanian were informally recognized as separate 
systems in North America, and in 1953 the United 
States Geological Survey officially granted them 
this status. 

Although this difference between the upper 
and lower parts of the Carboniferous System is 
evident elsewhere in the world, most geologists in 
Europe continue to recognize just one system: the 
Carboniferous. Because this book covers world 
geology, we will follow the European practice, 
but occasionally it will be helpful to reiterate that 
the Lower and Upper Carboniferous systems are 
equivalent to the Mississippian and Pennsylva- 
nian, respectively. 

Roderick Murchison, who established the Si- 
lurian System and coestablished the Devonian, 
recognized and named the Permian System in 
184]. Permian rocks were later identified in Brit- 
ain and in other regions, but it was in Russia that 
Murchison founded the system. He named it after 
Perm, a town on the western flank of the Ural 
Mountains, where an expedition had taken him in 
1840. 


LIFE 


Marine life of the late Paleozoic interval did not 
differ markedly from that of Late Devonian time 
except for the absence of several groups of marine 
organisms that died out in the Late Devonian mass 
extinction. As we shall see, the changes that took 
place on land were far more profound. Numer- 
ous insects of remarkably modern appearance 
evolved during this time, and many new kinds of 
spore-bearing trees colonized broad swamps, 
where their remains formed coal deposits. These 
plants later dwindled and were replaced by seed- 
bearing trees, which eventually dominated the 
land. In parallel fashion, amphibians, which were 
tied to water for reproduction— like spore- 
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Paraceltites rectangularis 





only ammonoids that survived into the Triassic Period. 
(After C. Spinosa et al., Jour. Paleont. 49:239-283, 1975.) 


Brachiopods rebounded from the Late De- 
vonian mass extinction to resume a prominent 
ecologic role. A group of spiny brachiopods 
known as productids enjoyed particular success. 
Some immobile productids employed their spines 
to anchor or support themselves in sediment, and 
a group of Permian productids developed cone- 
shaped shells that were attached by spines to the 
frameworks of solid reefs (Figure 12-2). Like the 
brachiopods, burrowing and surface-dwelling bi- 
valves continued to thrive in late Paleozoic time, 
as did gastropods. 


FIGURE 12-1 Species of the ammonoid family Xeno- 
discidae, arranged according to their evolutionary rela- 
tionships. A few species of this type were virtually the 


developed throughout Paleozoic time because of 
the scarcity of effective frame-building orga- 
nisms. Corals of the type that build modern reefs 
did not evolve until the Triassic Period. In the 
interim, for the most part only low banks and 
relatively small mounds were formed. Among 
the groups of animals and plants responsible for 
these structures were sponges, bryozoans, and 
calcareous algae. Certain groups of animals — 
bryozoans, crinoids, and foraminifera — also con- 
tributed vast amounts of skeletal debris to the for- 
mation of bedded limestones. 
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in and out between the two halves of their shells in 
order to obtain food and oxygen without the danger of 
being clogged by mud. B. A group of Permian brachio- 
pods of the genus Prorichthofenia. The lower halves of 
the shells of these coral-like animals were cone-shaped 
rather than cup-shaped, and throughout their lives their 
spines were attached to hard objects — in this case, the 
shells of neighboring brachiopods. The upper halves of 
the shells were flattened lids. (A. After R. E. Grant, Jour. 
Paleont. 40:1063- 1069, 1966. B. Smithsonian Institution.) 


Crinoids — animals that were attached to the 
seafloor and captured floating food that came 
within reach of their waving arms as they floated 
by — expanded to their greatest diversity early in 
the Carboniferous Period, forming meadows 
in many areas of the seafloor (Figure 12-3). Dur- 
ing this time, these organisms contributed vast 
quantities of carbonate debris to the rock record 
(Figure 12-4), leading to widespread limestone 
deposition during the Early Carboniferous 
(Mississippian) Period. Other animal groups also 
contributed to the formation of Carboniferous 
limestones. Prominent among them were lacy 
bryozoans (Figure 12-5) and the fusulinid forami- 
nifera (Figure 12-6), whose late Paleozoic adap- 
tive radiation made them the primary constituents 
of some limestones (Figure 12-7). 

Lacy bryozoans were sheetlike, colonial ani- 
mals that stood above the seafloor and fed on sus- 
pended organic matter. These organisms not only 
contributed skeletal debris to limestones but also 
trapped sediment to form reeflike structures. 
During Early Carboniferous time, lacy bryozoans 
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FIGURE 12-2 Modes of life of late Paleozoic spiny 
brachiopods of the productid group. A. Reconstruction 
showing changes in the life habits of a mud-dwelling 
species during its lifetime (arrows). The juvenile bra- 
chiopods appear to have been attached to stalks of algae 
by curved spines. Then the algae died, and the small 
brachiopods came to rest on fine-grained sediment. 

As the brachiopods grew, their long spines served as 
“snowshoes,” preventing the animals from sinking into 
the sediment. Thus the brachiopods could pump water 





FIGURE 12-3 Reconstruction of an Early Carbonif- 
erous (Mississippian) meadow of crinoids (sea lilies). 
Sharks, which were also well represented in Early 
Carboniferous seas, cruise above the crinoids. (Chase 
Studios, Inc.) 





FIGURE 12-6 Fusulinid foraminifera. These unusually 
large, single-celled creatures secreted skeletons that 
were commonly shaped like grains of wheat, which 
many resembled in size. The lower picture is of a eross 
section, showing the spiral mode of growth. Fusulinids 
are highly useful for dating late Paleozoic rocks. (Exter- 
nal photograph. Smithsonian Institution. Cross section 
photograph. R. C. Douglass, U.S. Geological Survey.) 


the Late Carboniferous and Permian. Some 5000 
species have been found in Permian rocks alone. 
Although they were single-celled, amoebalike 
creatures with shells, fusulinids included species 
that exceeded 10 centimeters (~4 inches) in 
length. Owing to their abundance and rapid evo- 
lution, fusulinids are important guide fossils for 
Upper Carboniferous and Permian strata. 
During Late Carboniferous time, eertain 
types of calcareous algae, shaped somewhat like 
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FIGURE 12-7 Fusulinids forming the bulk of a speci- 
men of Upper Carboniferous limestone. This species 
reached a length of about 1 centimeter (— 0.4 inch). 
Compare this illustration with Figure 12-6. (Chip Clark.) 
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FIGURE 12-4 Early Carboniferous limestone com- 
posed largely of skeletal debris from crinoids. The parti- 
cles that are shaped and stacked like poker chips are 
segments of crinoid stalks, most of which were flexible. 
The largest of the stalks shown here are about as thick 
as a pencil. (Institute of Geological Sciences, British 
Crown copyright.) 
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grew locally in great profusion, trapping fine- 
grained sediment and growing upward through it 
to form mounds that usually stood well below sea 
level in quiet water (Figure 12-8). Around the 
flanks of the mounds, crinoids often grew in large 
meadows. 

The fusulinids, a group of large foraminifera 
that lived on shallow seafloors, included only a 
few genera in Early Carboniferous time but un- 
derwent an enormous adaptive radiation during 





FIGURE 12-5 Lacy, fanlike bryozoans of late Paleo- 
zoic age. In life, these colonies stood upright and were 
the size of a small fern. (Smithsonian Institution. ) 


Chapter 12 The Late Paleozoic World 305 


7 


^ 
V 7, 
(d th 
T 2 
A 
n» 
fr ee = ۲. & 











d 
IDE RANTS Std شش‎ 


lacy, fanlike bryozoans trapped carbonate mud. Bedded, 
coarse-grained limestones on the flanks of the mound 
were produced by meadows of crinoids. (L. Pray.) 


a 


coal swamps. It appears that considerable evolu- 
tionary "experimentation" took place early in the 
Carboniferous Period, and what emerged as the 
highly successful late Paleozoic flora of the coal 
swamps and adjacent habitats was a small number 
of genera, each represented by large numbers of 
species. The most important coal-swamp genera 
were Lepidodendron and Sigillaria, two types of 
lycopod trees that contributed many of the logs 
that were buried and compressed to form coal 
(Figure 12-9). As we have seen, the lycopod 
group had been present during Early and Middle 
Devonian time, but only as small plants (Figure 
11-18). Like smaller lycopods, Lepidodendron 
and Sigillaria were spore plants that were con- 
fined to swampy areas. Lepidodendron was the 
more successful genus; some of its species grew 
more than 30 meters (— 100 feet) tall and mea- 
sured 1 meter (~ 3 feet) across at the base. 

At the feet of the treelike plants of the Upper 
Carboniferous was an undergrowth that consisted 
primarily of a wide variety of ferns and fernlike 
plants. Although some of them were spore plants 
like the modern ferns, many others were so-called 
seed ferns, which, as their name suggests, repro- 
duced by means of seeds (Figure 12-10). Because 
seed ferns are difficult to distinguish from spore- 
bearing ferns on the basis of their foliage alone, 
they were not recognized as aseparate group until 
1904. Many seed ferns were small, bushy plants, 
but others were large and treelike. 
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FIGURE 12-8 A Lower Carboniferous carbonate 
mound in New Mexico. The mound, which is about 100 
meters (~ 328 feet) thick, grew on the seafloor, where 


large cornflakes, assumed a dominant role in trap- 
ping fine-grained sediment to form carbonate 
mounds on the seafloor. During the Permian Pe- 
riod, other kinds of algae joined sponges and lacy 
bryozoans to form reeflike banks. The most spec- 
tacular of these banks was a structure in west 
Texas that will be described later in this chapter. 
The large size of this bank was unusual for late 
Paleozoic time, when, as we noted earlier, there 
were few effective frame builders. 


Plant Life on Land 


Plants gave the Carboniferous Period its name, 
and in no other geologic interval are plant fossils 
more conspicuous; low-grade coal (Appendix I) 
from this period typically contains recognizable 
stems and leaves. Coal deposits developed chiefly 
in lowland swamps, where fallen tree trunks accu- 
mulatedin large numbers. Because it takes several 
cubic meters of wood to make one cubic meter of 
coal, it is evident that the vast coal beds of Late 
Carboniferous age represent an enormous bio- 
mass of original plant material. Wetlands were far 
more extensive than they are today (Box 12-1). 
Early Carboniferous floras, which formed lit- 
tle coal, resembled floras of Late Devonian time. 
They included a wide variety of plants, some of 
which were early representatives of the groups 
that became conspicuous in Late Carboniferous 
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FIGURE 12-9 The dominant trees of Carboniferous 
coal swamps, belonging to the lycopod group. The 
genus Lepidodendron (A) has a trunk with a spiral 
pattern of leaf scars (positions where leaves were for- 
merly attached), Note the similar spiral arrangement of 
branches in the early vascular plant Baragwanathia (Fig- 
ure 11-17); this small, simple plant may have been an 
ancestor of the treelike lycopods. The trunk of Sigillaria 
(B) has vertical columns of leaf scars. The roots of lyco- 
pod trees are often preserved as fossils. Those shown 
here (C) are in Scotland. (A and B. Photographs of leaf 
scars, Field Museum of Natural History, Chicago. C. Insti- 
tute of Geological Sciences, British Crown copyright.) 


Not all Late Carboniferous vegetation occu- 
pied coal swamps. In fact, seed ferns and spore 
plants, called sphenopsids, were more abundant 
on higher ground. Fossils of these groups are 
more common in sands and muds that accumu- 
lated along levees and floodplains of rivers than in 
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Glossopteris, the famous plant so abundant in 
Gondwanaland, was a seed fern. Although it had 
tonguelike leaves, familiar to most geologists 
(Figure 6-3), the entire plant had a treelike ap- 
pearance, with its leaves arranged in clusters (Fig- 
ure 12-11). 
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FIGURE 12-10 Late Carboniferous (Pennsylvanian) 
seed ferns of the genus Neuropteris. A fossil leaf from 
the Mazon Creek Formation of Illinois and a draw- 


ing showing the seed pod at the end of a branch. (See 
p. 298.) (Field Museum of Natural History, Chicago.) 


coals that accumulated in permanently wet coal 
swamps. Late Carboniferous sphenopsids were 
similar in general form to horsetails, which are 
small sphenopsids of the modern world: They 
were characterized by branches that radiated 
from discrete nodes along the vertical stem (Fig- 
ure 12-12). They also had horizontal under- 
ground stems that bore roots. Some Late Carbonif- 
erous sphenopsids, such as members of the genus 
Calamites, were tree-sized plants. 

Another important group of Late Carbonifer- 
ous plants that occupied high ground was the cor- 
daites, a group of tall trees that often reached 30 
meters (~100 feet) in height (Figure 12-13). As 
seed plants, cordaites were liberated from moist 
habitats and formed large woodlands that re- 
sembled modern pine forests. In fact, cordaites 


FIGURE 12-11 The famous Gondwanaland seed fern Glossop- 
teris. The name means "tongue leaf," and the tongue-shaped 
leaves, which are sometimes found preserved in the clusters 

in which they grew, were positioned at the top of a large trunk. 
This is one of many treelike genera of seed ferns. (After D. D. 
Pant and R. S. Singh, Palaeontographica 147[B]:42 — 73, 1974.) 
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mented stalk of living horsetails (C), which grow to only 
about a meter (~3 feet) in height. (A. Field Museum of 
Natural History, Chicago. C. Jeff Foott/Survival Anglia.) 


forms, some of which persist today as "living fos- 
sils” (Figures 12-12 and 11-18). During the Per- 
mian Period, gymnosperms, including conifers, 
took over terrestrial environments. Figure 12-14 
shows that the foliage of one of these conifers, 
Walchia, resembled the needled branches of cer- 
tain living conifers. In Walchia, as in other coni- 
fers, seeds were borne nakedly on cones. Gymno- 
sperm floras, having expanded in Late Permian 
time, prevailed throughout Triassic, Jurassic, and 
Early Cretaceous time (Figure 12-15) andthus are 
often thought of as representing Mesozoic vege- 
tation. Mesozoic vegetation, however, had a head 
start on other life of the new era. We will learn 
more about this kind of vegetation in Chapter 13, 
which describes the first portion of the Mesozoic 
Era— atime when not only gymnosperms but also 
dinosaurs came to dominate the land. 
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FIGURE 12-12 The Late Carboniferous sphenopsid 
plant Calamites. Branehes such as the one preserved in 
the fossil (A) were positioned at intervals along the seg- 
mented tree trunk (B), just as they are on the seg- 


belonged to the group known as gymnosperms 
(“naked-seed plants”), which include the living 
conifers, or cone-bearing plants (pines, spruccs, 
redwoods, and their relatives). The seeds of these 
plants are lodged i in exposed positions on cones or 
on other reproductive organs. Gymnosperm seeds 
thus differ from the covered seeds of flowering 
plants, a group that did not emerge until the 
Mesozoic Era. 

The floras that flourished in Late Carbonifer- 
ous time continued to dominate into the Early 
Permian Period but subsequently declined. By the 
end of Permian time, few lycopods or sphenopsids 
the size of trees remained on Earth, while the cor- 
daites, which were all treelike plants, disappeared 
altogether. It is interesting to note that nearly all 
of the lycopods and sphenopsids that survived the 
Paleozoic Era were small, inconspicuous creeping 








Sea A. be v 
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FIGURE 12-14 The early conifer Walchia of Late Car- 
boniferous age (top) and a living species of conifer that 
is related to the redwoods (bottom). Like living conifers, 
Walchia had needled branches and reproduced by 
means of cones. (From E. B. Blazey, Palaeontographica 
146[B]:1- 20, 1974; photograph by J. E. Canright.) 
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FIGURE 12-13 

Reconstruction of a 
tall cordaite tree of 
Late Carboniferous b 
time. Cordaites ۹ 
were seed plants 
that formed large 
forests on dry c 
ground. ud 
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Freshwater and Terrestrial Animals 


In late Paleozoic freshwater habitats, aquatic ray- 
finned fishes contínued to diversify and were 
joined by freshwater sharks that have no close 
modern relatives. For the first time, mollusks also 
became conspicuous in freshwater environments; 
shells of many species of clams are found in fresh- 
water and brackish sediments associated with coal 
deposits. 








Flowering 
plants 












conifers, which belonged to this group, diversified 
greatly during the Permian Period, while spore-bearing 
groups declined. (Modified from A. H. Knoll and G. W. 
Rothwell, Paleobiology 7:7-35, 1981.) 


false impression that Carboniferous landscapes 
were populated with many kinds of huge insects. 
In fact, only one giant Carboniferous species is 
known. The rest were of normal size by modern 
standards. 

The faet that advanced insects with foldable 
wings are found in younger Upper Carboniferous 
deposits indicates that the insects underwent an 
extensive radiation before the beginning of the 
Permian Period. Like many modern insect spe- 
cies, some of these Carboniferous forms had eggs 
that hatched into caterpillar-like larvae, while 
others possessed speeialized egg-laying organs or 
mouthparts that were adapted to sucking juices 
from plants. The legs of still other species were 
highly modified for grasping prey, leaping, or 
running. Indeed, many of these insects appear to 
have been as highly adapted for particular modes 
of life as are insects of the modern world. 


Small spore-bearing 
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FIGURE 12-15 History of major groups of swamp- and 
land-dwelling plants. Spore-bearing plants dominated 
Silurian, Devonian, and Carboniferous floras. Seed ferns 
are the oldest known seed plants. Gymnosperms (naked 
seed plants) dominated Mesozoic floras, but the early 


On land, a group of invertebrate animals, 
the insects, assumed a very important ecologic 
role — one that they have never relinquished. The 
oldest known insects are of Early Devonian age, 
but they were wingless forms. Although no Lower 
Carboniferous insect fossils are known, insects 
had evolved wings by Late Carboniferous time; in 
fact, a wide variety of Upper Carboniferous in- 
sects have been identified, primarily by means of 
their preserved wings (Figure 12-16). The earliest 
flying insects differed from most modern species 
in that they could not fold their wings back over 
their bodies; the only two living orders of insects 
that lack this ability are the dragonflies and the 
mayflies, both of which occur in Upper Carbonif- 
erous deposits along with several other orders. 
Giant dragonflies— animals with wingspans of 
nearly half a meter (—18 inches) — found in the 
Carboniferous of France have given rise to the 
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FIGURE 12-17 Eryops, a large amphibian from the 
Lower Permian Series of Texas. This animal, which 
reached a length of about 2 meters (— 6 feet), was prob- 
ably semiaquatic, occupying the margins of rivers and 
lakes and preying on fishes. (Field Museum of Natural 
History, Chicago.) 


petition and predation by advanced mammals and 
reptiles. Carboniferous and Early Permian am- 
phibians, in contrast, had the world largely to 
themselves and thus displayed a much broader 
spectrum of shapes, sizes, and modes of life; some 
superficially resembled alligators (Figure 12-17), 
others were small and snakelike, and a few were 
lumbering plant eaters. Some Carboniferous am- 
phibians measured 6 meters (— 20 feet) from the 
ends of their snouts to the tips of their tails. The 
species that were fully terrestrial as adults were 
covered by protective scales. 


The Rise of the Reptiles The oldest known rep- 
tiles are found in deposits near the base of the 
Upper Carboniferous (Pennsylvanian) System. 
Most of the skeletal differences between the earli- 
est reptiles and their amphibian ancestors were 
minor, relating to such features as the roof of the 
mouth, the back of the skull, the inner ear, and the 
vertebrae. 

Reptiles also differ from amphibians in their 
mode of reproduction. The key feature in the ori- 
gin of the reptiles was the amniote egg, which is 
also employed by modern reptiles and birds. This 
egg provides the embryo with a nutritious yolk 
and two sacs: one (the amnion) to contain the em- 
bryo and the other to collect waste products. A 
durable outer shell protects the developing em- 
bryo. The amniote egg allowed vertebrates for the 
first time to live and reproduce away from bodies 
of water. The oldest specimen suspected of be- 
ing a reptile egg is of Early Permian age (Figure 
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FIGURE 12-16 Wings of a Late Carboniferous insect 
from the Mazon Creek Formation of Illinois. The color 
pattern is beautifully preserved in this remarkable spec- 
imen. (F. M. Carpenter, Proc. N. Amer. Paleont. Conv. 
[I].1236 - 1251, 1969.) 


It is sometimes difficult to distinguish be- 
tween aquatic and terrestrial vertebrates of late 
Paleozoic time because many four-legged animals 
lived along the shores of lakes, rivers, shallow 
seas, or swamps and divided their time between 
the land and the water. The general history of 
terrestrial and semiaquatic vertebrate animals of 
late Paleozoic time and the history of plants, in- 
sects, and marine life are summarized in Major 
Events (p. 300). 

The only vertebrates populating the Early 
Carboniferous landscape were amphibians, many 
of which retained aquatic or semiaquatic habits 
throughout their lives. Carboniferous amphibi- 
ans, however, did not closely resemble their mod- 
ern relatives. The frogs, toads, and salamanders 
that comprise most living species of Amphibia are 
small, inconspicuous creatures; they seem to be 
the only kind of animals belonging to this class that 
can thrive in the modern world in the face of com- 
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Box 12-1 
Wetlands, Then and Now 


Coal swamps of the Carboniferous Period were EIE 3 x 
among the most extensive wetlands of all time. 33 a TE 
Wetlands are continental areas that are normally aot: e 


moist at least part of the year and that support lux- 
uriant growths of vegetation. Some have standing 
water throughout the year; the soil of others is con- 
stantly moist; and still others are tlooded only about 
once a year. Wetlands were widespread during 
Carboniferous time because the seas stood high 
enough to spread across large areas of cratons. 
Along the margins of these epicontinental seas were 
broad, nearly flat lowlands where brackish and 
fresh water tended to accumulate and coal swamp 
floras flourished. Today, because continents stand 
higher above sea level, wetlands form only narrow 
fringes along the coasts and occupy small areas of 
the interiors. Altogether, wetlands cover only 6 
percent of the surfaces of modern continents, and 
they are shrinking rapidly under the impact of 
human activities. When the United States was 
founded in 1776, its wetlands spread across 215 
million acres, but only about 100 million of these 


mv 


دید زوا 
ید 


A 
Fu tvi 1 
5 No ke 
E $ tt 
ov ce e ai 
ای‎ E o 
zo 
2 
ر‎ 


et 


RET M ne A 
So's Pee EPA 


t 


“Sar aie YT 
" = > pt Az 
_ = à 1 
z EE سود‎ aN es 
Ay MPs 
1 ae ir E wd ۳ ne e. 

7 " y" Ld. d . " A av. Y سل‎ 0 
lA eta eot 
ur Sy atom es oe TRUM 

4 MA Y ? ay 


* "SH 
۱ و‎ 
^ a^ Y 
ve Due 


P7... 
ادي‎ d 


4 

nN * 

Pii g 
3 

Y 3 





acres remain. (Bates Littlehales.) 
Most of the wetlands of the modern world are 
informally termed marshes or swamps. Tall, grass- as well as large areas of Canada and Alaska. Peat 
like plants that can tolerate brackish conditions is widely used as fuel. Peat harvesters in eastern 
form coastal marshes in relatively cool climates. In Europe have recovered about 2000 almost perfectly 
Irostiree areas these plants give way to mangroves, preserved human bodies from ancient bogs. The 
which are shrublike trees that are able to grow in absence of oxygen in the soggy peat that floors 
standing salt water. Plants such as grasses and cat- bogs preserves the flesh of any animal that sinks 
tails also grow in freshwater marshes, many of into it: no bacteria, no decay. One of the oldest 
which have open water in the center or stretch bodies found, that of a man who lived in Denmark 
along rivers. In contrast to marshes, swamps sup- about the time of Christ, was found with a rope 
port abundant trees and shrubs, such as willows around the neck. 
and cypresses, that tolerate moist soil or even per- Wetlands perform such important functions in 
manent standing water. the global ecosystem that their recent decline is 
Among the most interesting freshwater wet- alarming. They replenish groundwater, for exam- 
lands are peat bogs, where low-growing plants, in- ple, by trapping fresh water and allowing it to per- 
cluding mosses, produce an environment that is so colate into the soil instead of flowing quickly to the 
acidic and so depleted of oxygen that it is hostile to sea. The plants that flourish in wetlands trap sedi- 
the kinds of microorganisms that would ordinarily ment and organic matter rich in nutrients. Many of 
decompose dead plant material. In the absence of these nutrients would otherwise be lost to the sea, 
these organisms, the plant material accumulates as or they would pollute rivers, lakes, and lagoons by 
peat. Peat bogs are concentrated in moist regions promoting the growth of cyanobacteria. When 
at high latitudes — the northern Great Lakes area scummy masses of cyanobacteria die, their decay 


and New England in North America, for example, robs water of oxygen and excludes other forms of 





Chapter 12 The Late Paleozoic World 313 


12-18), but it is generally assumed that the am- 
niote egg originated in Carboniferous time, when 
reptiles evolved. 

Because the amniote egg was in essence a self- 
contained pond, it eliminated the need for early 
life in water and thus enabled reptiles to exploit 
the land more fully. There is an interesting paral- 
lel here with the evolution of the seed in plants. As 
we have seen, spore plants, like amphibians, re- 
quire environmental moisture during part oftheir 
life cycle. The origin of the more advanced 
groups—the seed plants and reptiles — repre- 
sented a transition to a fully terrestrial existence. 

Later reptiles developed yet another feature 
of great importance: an advanced jaw structure 
that could apply heavy pressure upon closing and 
could slice food by means of bladelike teeth. Car- 
boniferous amphibians and early reptiles could 
close their jaws quickly with a snap, but they could 
apply little pressure. Moreover, they had pointed 
teeth that could kill prey by puncturing them but 
that could not slice or tear food apart; therefore, 
these animals were forced to swallow their meals 
whole. 

Despite the origin of reptiles in Late Carbonif- 
erous time, amphibians continued to prosper into 
Early Permian time. During the Permian Period, 
however, reptiles diversified and apparently 
began to replace amphibians in various ecologic 





FIGURE 12-18 A specimen alleged to be the world's 
oldest known fossil egg, from the Lower Permian Series 
of Texas. It is not known exactly what kind of reptile 
might have laid this egg, and some experts question its 
authenticity. (A. S. Romer.) 


lite. The abundant vegetation of wetlands releases a 
large quantity of oxygen to the atmosphere every 
year. It also yields organic detritus that supports 
dense populations of animals. About 90 percent of 
the commercial fish species of Florida, for example, 
depend on the mangrove ecosystem for food or 
shelter. 

Humans are currently destroying about one- 
third of a million acres of wetlands every year. The 
Everglades of Florida, the largest and most famous 
freshwater marsh of North America, are now less 
than half their original size. The Everglades are 
known as “the River of Grass" because their broad 
waters actually flow southward very slowly from 
Lake Okeechobee to the sea. Artificial dikes and 
levees now restrict the flow of water from the lake, 
and some of it is diverted for human use. As a re- 
sult of human interference, many parts of the Ever- 
glades have dried up or contain so little water 
during the dry season that their biotas are shrink- 
ing. About 60,000 wading birds occupied this great 
marsh in 1940. Today there are only about one- 
quarter as many. 

Prairie potholes — small basins scoured by 
glaciers — contain valuable inland marshes that are 
also disappearing at a rate that threatens many 
forms of life. Prairie potholes are scattered over a 
large area of the northern Great Plains, where they 
support a great variety of animals and serve as 
breeding grounds for half of the ducks of North 
America. Farmers have drained or filled in many 
of these small marshes, vastly reducing the total 
area available to waterfowl and other animals. 

Unfortunately, humans have tended to regard 
wetlands as nuisances — places where alligators 
lurk or mosquitoes breed. These soggy areas have 
seemed so unattractive that “swamp” has become 
a metaphor for a place not to be. Swamps, it has 
seemed, are best drained or filled in to produce 
solid land. Only recently have humans begun to 
value wetlands even though they are not the sort of 
place where most of us would want to live. And 
today our valuable bogs, swamps, and marshes 
look fragile indeed when we compare their 
shrunken remains with the vast coal swamps 
that cloaked lowlands during Carboniferous time. 


nipping, large lateral fangs for puncturing and 
tearing, and molars for shearing and ehopping 


food. 


A New Level of Metabolism Many experts be- 
lieve that the therapsids were endothermic, or 
warm-blooded — which means that by virtue of a 
high metabolic rate, they maintained their body 
temperatures at relatively constant levels that 
usually exceeded the temperature of their 
surroundings. Hair similar to that of modern 
mammals may have insulated therapsids’ bodies 
(Figure 12-21). Even if they were endothermic, 
however, therapsids may not have kept their body 
temperatures at levels as constant as those of 
mammals. In any ease, the upright postures and 
eomplex chewing apparatuses of advanced Per- 
mian therapsids show that these active animals 
approached the mammalian level of evolution in 
anatomy and behavior. 

The endothermic condition is especially sig- 
nificant in that it allows animals to maintain a sus- 
tained level of activity —to hunt prey or to flee 
from predators with considerable endurance. Ec- 
tothermic (or cold-blooded) reptiles, in contrast, 
must rest frequently in order to soak up heat from 
their environments. Endothermic metabolism, 
along with advanced jaws, teeth, and limbs, may 
account not only for the success of the therapsids 
during Permian time but also for the decline ofthe 
pelycosaurs, which were probably ectothermic. 
In fact, while pelycosaurs declined to extinction 
during Late Permian time, therapsids underwent 
a spectacular adaptive radiation. More than 20 
families of these advanced animals seem to have 
evolved in just 5 or 10 million years, and they 
were the dominant groups of large animals in Late 
Permian terrestrial habitats. Therapsids seem 
to havc represented an entirely new kind of ani- 
mal — one so advanced that it was able to diver- 
sify very quickly. While it is tempting to assume 
that the therapsids caused the pelycosaurs to de- 
cline throughout the world, it is only in the Karroo 
beds of South Africa that the therapsid record is 
sufficiently complete for a large enough geologic 
interval to suggest such a pattern. The sizable Per- 
mian therapsid fauna of central Russia, however, 
includes families that have not been found in 
South Africa, suggesting that a great variety of 
therapsids populated the Late Permian world. 
Unfortunately, elsewhere in the world the Per- 
mian fossil record of therapsids is rather poor. 
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FIGURE 12-19 Skeleton of Dimetrodon, a fin-backed 
mammal.like reptile of the pelycosaur group from the 
Lower Permian Series of Texas. The fin, which was sup- 
ported by long vertebral spines, served an uncertain 
function. Some workers believe that skin stretched be- 
tween the spines was used to cateh the sun’s rays, allow- 
ing the animal to raise its temperature to a level above 
that of its surroundings. From snout to tail, this predator 
exceeded 2 meters (~ 6 feet) in length. (Field Museum of 
Natural History, Chicago.) 





roles, probably because the reptiles had more ad- 
vanced jaws and teeth as well as greater speed and 
agility. Permian rocks of Texas have yielded large 
faunas of amphibians and reptiles that reveal this 
pattern. By Early Permian time, the pelycosaurs, 
finback reptiles and their relatives, had become 
the top carnivores of widespread ecosystems. 
Their stratigraphic occurrence suggests that many 
lived in swamps and that some may have been 
semiaquatic. Dimetrodon (Figure 12-19) was one 
such carnivore. It was about the size of a jaguar 
and had sharp, serrated teeth. While even the 
Permian carnivorous amphibians, such as the 
alligator-like Eryops, were forced to swallow small 
prey whole, Dimetrodon could tear large animals 
to pieces (Figure 12-20). 

Dimetrodon belonged to a group known as the 
mammal-like reptiles. The skull structure of these 
animals in some ways resembled that of mammals, 
which evolved from them. One particular group 
of mammal-like reptiles that evolved in mid- 
Permian time was especially similar to mammals. 
These were the therapsids (Figure 12-21), whose 
legs were positioned more vertically beneath the 
body than were the sprawling legs of primitive 
reptiles or even pelycosaurs. In addition, the jaws 
of therapsids were complex and powerful, and the 
teeth of many species were differentiated, some- 
what like those of a dog, into frontal incisors for 
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FIGURE 12-20 Early Permian scene beside a body of the small Ex. M. is climbing a tree of the 
water. Dimetrodon (see Figure 12-19) threatens Eryops genus Cordaites. The vine is Gigantopteris and the small 
(Figure 12-17). Early insects are in the foreground, and plants are Lobatannularia. (Drawing by Gregory S. Paul.) 
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PALEOGEOGRAPHY 


During late Paleozoic time the major continents as the supercontinent Pangaea. Even early in the 
edi closer and closer together until by early Carboniferous Period, however, the continents 
Mesozoic time they seem to have fused together were rather tightly clustered (Figure 12-224). As 
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hair, which is associated with endothermy in mammals. 
The largest animal is Jonkeria; in the background is Tro- 
chosaurus; animals at lower right are Dicynodon; and the 


very small form is Blattoidealestes. (Drawing by Gregory 
S. Paul.) 


time the Tethys Sea was closed in association with Her- 
cynian mountain building. Coal deposits formed over a 
larger total area at this time than at any other period in 
Earth history; some formed quite far north. In Gond- 
wanaland, continental glaeiers spread to remarkably low 
latitudes and were separated from tropical eoal swamps 
(formed by the Euramerian flora) by steep temperature 
gradients. The Gondwana and Siberian floras flourished 
under eooler conditions. (Modified from R. K. Bambach 
et al., American Scientist 68:26 -38, 1980.) 
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FIGURE 12-21 Late Permian seene in the South Afri- 
can part of Gondwanaland. Therapsids are shown along 
an ice-covered stream in a snowy environment, where 
they may have been able to live by virtue of being endo- 
thermic. In this reconstruction, they are shown to have 


FIGURE 12-22 World geography in Carboniferous 
time. A. The major continents were rather tightly clus- 
tered on one side of the globe in Early Carboniferous 
(Mississippian) time. The Old Red Sandstone continent 
(ORS) persisted from Devonian time north of the Tethys 
Sea. At low latitudes, coal deposits were formed along 
the eastern portions of continents, and limestones and 
evaporites accumulated in many areas, espeeially in the 
Midcontinent Province to the west of the Old Red Sand- 
stone continent. Enormous glaciers spread over Gond- 
wanaland near the South Pole. B. In Late Carboniferous 
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what is now central and western North America, 
evaporites and limestones accumulated in broad, 
shallow seas. 


Events at the Mid-Carboniferous Boundary 


The transition from Early to Late Carboniferous 
time was marked by two important events: a 
global decline in sea level and heavy extinction of 
marine life (Major Events, p. 300). In many parts 
of the world, the dropin sea levelis evidenced bya 
diseonformity in shallow marine deposits. Thus, in 
North America, the marine records of the Missis- 
sippian and Pennsylvanian systems are separated 
by a disconformity that is estimated to represent 
more than 4 million years in some areas. Among 
the marine groups that suffered heavy extinction 
during this interval were the crinoids and ammo- 
noids, which lost more than 40 and 80 percent of 
their genera, respectively. Presumably sea level 
fcll during this erisis bceause glaciers expanded in 
Gondwanaland, locking water up on the land. It 
has been suggested that the drop in sea level 
caused the extinction oflife in shallow seas, but, as 
we have seen, comparable episodes of sea-level 
lowering at other times had little effect on marine 
life. Perhaps, then, the mid-Carboniferous extinc- 
tions resulted from cooling of the seas that was 
associated with expansion of glaciers. 


The Later Carboniferous Period: 
Continental Collision and Temperature 
Contrasts 


During the middle portion of Carboniferous time, 
the northward movement of Gondwanaland 
caused that continent to collide with the Old Red 
Sandstone continent. The mountains thus formed 
in southern Europe are known collectively as the 
Hercynides, and the orogeny as a whole is known 
as the Hercynian (or Variscan). Hercynian moun- 
tains also formed in northwestern Africa, where 
they became known as the Mauritanides. In North 
America the Hercynian orogeny, known here as 
the Alleghenian, in effect continued where the 
Caledonian orogeny left off, extending the Appa- 
lachian mountain chain southwestward and form- 
ing the adjacent Ouachita Belt in Oklahoma and 
Texas (Figure 12-225). 
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the period progressed, the sector of Gondwana- 
land that lay over the South Pole became covered 
by a large eontinental glaeier that persisted into 
the Permian Period. Meanwhile, hot conditions 
prevailed in equatorial regions. Thus, not only was 
the late Paleozoic a time of vast biotic change; it 
was a time of changing and extreme climatic con- 
ditions. Coal deposits formed most extensively 
during Late Carboniferous time, accumulating 
both at low latitudes (for example, in areas that 
now form central North America and western Eu- 
rope) and at high latitudes near the southern ice 
sheets. Let us consider precisely what happened 
in Early Carboniferous, Late Carboniferous, and 
Permian time. 


The Early Carboniferous Period: 
Widespread Limestone Deposition 


Sea level, which had deelined near the end of the 
Devonian Period, rose during Early Carbonifer- 
ous time, so that warm, shallow seas spread across 
broad eontinental surfaces at low latitudes. As a 
result, limestones aecumulated over large areas, 
often with crinoid debris as their most important 
component. 

Early in Carboniferous time, limestones aecu- 
mulated in many areas of Gondwanaland, but 
nearer the South Pole temperatures were strik- 
ingly cooler. Tillites reveal that throughout all or 
nearly all of Carboniferous time, large areas of 
Gondwanaland were blanketed by ice sheets. The 
earliest of the ice sheets may have been the same 
ones that formed in Late Devonian time (p. 290), 
or they may have developed after the Devonian 
glaciers mclted. Uncertainty remains because 
preserved tillites provide an incomplete record of 
glaciation; also, many tillites are poorly dated. 

Warm, moist conditions prevailed in some 
continental areas nearer the equator. Thus, coal- 
swamp floras which first became established early 
in Carboniferous time, flourished along the north- 
eastern margin of the Old Red Sandstone conti- 
nent, which survived from Devonian time (Figure 
12-22A). Trade winds must have eontinued to 
bring this continent moisture from the oceans to 
the northeast, but the western part of the conti- 
nent was in the rain shadow of the Caledonides 
and the Appalachian Mountains. Here, across 
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leozoic or Triassic age from Antarctica, showing the de- 
tails of the boundary between two growth rings. Each 
space in the woody tissue was occupied by a single cell. 
When the late-season wood of the earlier (lower) layer 
formed, the cells were small and the tree grew slowly. 
Growth was interrupted during winter, but spring then 
stimulated the growth of early-season wood, resulting in 
large cells and rapid growth. The number of growth 
rings indicates the age of a tree, but rings are not well 
developed in tropical climates. In late Paleozoic time, 
high-latitude climates were strongly seasonal, producing 
growth rings in Siberia near the North Pole and in such 
regions as Antarctica near the South Pole. (After a pho- 
tograph by J. M. Schopf.) 


The Permian Period: Climatic Complexity 


As aresult of complex topographic conditions and 
steep climatic gradients, the floras of Permian 
time were more provincial than those of any other 
Phanerozoic period — with the possible excep- 
tion of the most recent interval, when continents 
have been widely dispersed and the waxing and 
waning of continental glaciers have produced 
much geographic differentiation. 

The Permian floras remained distinct even 
though they were not separated by vast oceans. In 
Permian time, the suturing of Siberia to eastern 
Europe along the Ural Mountains resulted in the 
nearly complete assembly of Pangaea (Figure 
12-24). Southeast Asia remained as the only sepa- 
rate landmass of large size, and it would be at- 
tached during the Mesozoic Era. Contributing to 
the climatic contrasts of the late Paleozoic globe 
were several mountain chains, including those of 
the Hercynian, which formed during the suturing 


On the land, latitudinal temperature gradients 
steepened during Late Carboniferous time — that 
is to say, there were extreme differences in tem- 
perature between the equator and the poles. Con- 
tinental glaciers pushed northward to within 
nearly 30? of the ancient equator, alatitude where 
subtropical conditions have prevailed during most 
of Phanerozoic time. It seems amazing that tropi- 
cal coal swamps flourished in North America and 
western Europe not much farther north than 
the northernmost Carboniferous glaciers (Figure 
12-22B). 

Recall that coal deposits formed in frigid 
Gondwanaland as well. Nonetheless, the Glossop- 
teris flora that produced the coal deposits in 
Gondwanaland differed substantially from the so- 
called Euramerian flora of the equatorial region, 
which was named for Europe and North America. 
Lepidodendron and Sigillaria, the dominant Eura- 
merian elements, were present in Gondwanaland, 
but many of the plants of Gondwanaland (Figure 
6-3) are unknown from northern continents. The 
Glossopteris flora was adapted to the cool climates 
of the glacial regime in the south. Siberia, which 
lay near Earth's other pole, also had a distinctive 
flora adapted to cold conditions. 

There is compelling evidence that the fossil 
floras of Gondwanaland and Siberia grew under 
cold conditions. Many cold climates are strongly 
seasonal, and seasonal growth of wood produces 
distinctive rings in the cross sections of tree 
trunks. The Upper Carboniferous floras of Gond- 
wanaland in the south and of Siberia in the north 
are known for their distinctive tree rings (Figure 
12-23). In contrast, the Euramerian fossil trees 
that grew near the Carboniferous equator were of 
the tropical type: They lacked seasonal rings. 

The composition of fossil floras in North 
America and Europe reveals that tropical climates 
changed significantly in the course of Late Car- 
boniferous time. About two-thirds of the way 
through Late Carboniferous time, lycopods, 
sphenopsids, and seed ferns declined in terrestrial 
plant communities, while spore-bearing ferns as- 
sumed a correspondingly larger role. This change 
appears to have signaled a shift to drier climatic 
conditions. Coal continued to form from decay- 
ing vegetation in swamps, but lycopods were no 
longer the primary contributors. This change 
foreshadowed even greater climatic changes dur- 
ing Permian time. 
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the map. Floras produced coal only at high latitudes, 
while equatorial regions were dry. Glaciers persisted in 
Antarctica and also formed in Siberia, which now en- 
croached on the North Pole. (Modified from R. K. Bam- 
bach et al., American Scientist 68:26-38, 1980.) 


tropical zone, were altered in mid-Permian time. 
At higher latitudes-— Asia in the north and Aus- 
tralia in the south— the floral transition came 
later, close to the end ofthe period. As we notedin 
Chapter 2, terrestrial plants are highly sensitive 
to climatic conditions, and it is believed that 
the Permian flora changed in response to cli- 
matic changes. It appears that, in general, plants 
adapted to moist conditions gave way to ones fa- 
vored by drier habitats. In the north, the coal- 
swamp floras were replaced by plant communities 
dominated by conifers such as Walchia (Figure 
12-14). Many late Paleozoic conifers apparently 
resembled conifers of the modern world: They 
could thrive under dry conditions. In the south, 
the Glossopteris flora of Gondwanaland, which 
was adapted to moist conditions, gave way to the 
Dicroidium flora, named for a genus of gymno- 
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FIGURE 12-24 World geography in Late Permian 
time, when the ocean separating Europe from Asia was 
closing along the Ural Mountains to form the supercon- 
tinent of Pangaea. The Permian landmasses had a com- 
plex geography. Many mountain ranges stood high 
above lowlands. Five distinctive floras are labeled on 





of Gondwanaland to the Old Red Sandstone conti- 
nent. Furthermore, polar regions remained quite 
cold and equatorial regions quite hot. As aresult of 
these contrasts, the Late Permian floras of low 
latitudes remained distinct from the Glossopteris 
flora to the south and also from the flora of Si- 
beria, a continent that, although now attaehed 
to Europe, remained near the North Pole (Figure 
12-24). Southeast Asia was still a separate conti- 
nent, and by now its flora had become unique. The 
Euramerian flora had also now broken down into 
more local floras separated by barriers. The Per- 
mian floras east and west of the Appalachians, for 
example, differed significantly. 

The various Permian floras had one thing in 
common: They changed dramatically in the 
course of Permian time. The floras of the United 
States and southern Europe, which were in the 
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strike Earth’s biota after vertebrate animals had 
invaded the land on a grand scale, and terrestrial 
vertebrates were among its primary victims. 
Nearly 20 families of Permian therapsids failed to 
survive into Triassic time, but the extinction of 
therapsids was not a single event in latest Permian 


time. Rather, there were several pulses of extinc- 


tion, with taxa of large body size suffering the 
heaviest losses each time and new taxa evolving 
from smaller survivors. It has been suggested that 
the extinctions resulted from climatic changes 
that altered the terrestrial plant communities at 
the base of the therapsids’ food web. As we have 
seen, the Permian was indeed a time of floral 
change, but the details remain unclear. 

In the marine realm, the Permian crisis en- 
tirely swept away the fusulinids, which had been 
highly successful in mid-Permian seas, and also 
the rugose corals, tabulates, and trilobites — 
although the latter two groups were already very 
much on the decline before the crisis began. The 
ammonoids hung on by a thread: Only a handful of 
their species survived into the Triassic Period. 
The brachiopods, bryozoans, and stalked echino- 
derms suffered heavy losses, and the bivalve and 
gastropod mollusks were struck moderately hard. 


A Drop in Sea Level It is difficult to determine 
the pattern of the marine extinction in time and 
space, because marine stratigraphic sections that 
span the Permo-Triassic boundary without in- 
terruption are rare. Disconformities represent the 
crucial interval in nearly all continental areas, be- 
cause global sea level fell dramatically in Late 
Permian time, causing continental surfaces to ex- 
perience erosion rather than deposition (Major 
Events, p. 300). The most complete stratigraphic 
sections across the Permo-Triassic boundary are 
located in southern China, where paleontologists 
recognize a final Permian interval, the Changxin- 
gian Stage, which is not well represented by strata 
on other modern continents. 

In at least 20 sections in southern China, at the 
top of the Chiangxingian Stage there is an impor- 
tant sedimentary unit known as the Transition Bed 
(Figure 12-26). This unit is typically about 1 
meter (— 3 feet) thick, and most of its fauna con- 
sists of taxa that survived from the Permian Pe- 
riod. Also present, however, are elements known 
elsewhere only from Triassic beds. The principal 
macroscopic constituents of the Transition Bed 
are bivalve, gastropod, and ammonoid mollusks. 





FIGURE 12-25 Cross-bedded dune deposits of the Per- 
mian Coconino Sandstone, which crops out in the vicin- 
ity of the Grand Canyon in Arizona. (Tom Bean.) 


sperms with forked, leaf-bearing branches. Di- 
croidium appeared first in tropical areas and then 
migrated into southern regions of the Gondwana- 
land region of Pangaea, apparently tracking shift- 
ing climates. The general trend in Permian time 
toward drier climates and floras adapted to them 
represented a continuation of the changes that, as 
we have seen, altered floras during Late Carbonif- 
erous time. 

As Figure 12-24 indicates, the highly arid 
conditions of Permian time resulted in the deposi- 
tion of great thicknesses of evaporites in the 
southwestern United States and in northern Eu- 
rope. There is, in fact, a greater concentration of 
salt deposits in the Permian than in any other geo- 
logic system. In addition, dune deposits are un- 
usually common in the Permian System, where 
they record the locations of ancient deserts (Fig- 
ure 12-25). 


THE TERMINAL PERMIAN 
EXTINCTION 


The Paleozoic Era ended with what may have 
been the greatest mass extinction in all of Earth 
history. This was the first great mass extinction to 


causes. As it turns out, the Late Permian mass ex- 
tinction shared certain patterns with earlier crises 
of the Paleozoic Era. Mimicking the patterns of 
the earlier crises, this one took its heaviest toll at 
low latitudes, devastating the reef-building com- 
munity and other tropical marine groups. The 
geographic ranges of several Permian taxa con- 
tracted toward the equator before the taxa died 
out. Their final refuge was the Tethyan Sea, which 
sat astride the equator (Figure 12-24). These pat- 
terns as well as other evidence suggest that cli- 
matic cooling played a major role in the crisis. One 
of these factors is that the rate of limestone depo- 
sition was low in the aftermath of the mass ex- 
tinction — in earliest Triassic seas — just as it was 
after the Ordovician and Devonian crises. Fur- 
thermore, two important types of Permian reef 
builders, which are unknown from the Lower 
Triassic record, reappear as reef builders in mid- 
Triassic rocks. These are the calcareous alga Tubi- 
phytes and the calcareous sponge Girtyocoelia 
(Figure 12-27). It is difficult to imagine what tem- 
porary environmental change other than oceanic 
cooling might have suppressed the growth of 
these simple organisms for so long and then al- 
lowed them to flourish again. 

Despite the cireumstantial evidence that cli- 
matic cooling contributed to the Late Permian 
crisis, we have no clear picture of what might have 
caused this kind of environmental change. One 
fact that may be pertinent is that, although gla- 
ciers in the Southern Hemisphere were generally 
on the decline, both of Earth’s poles were frigid in 
Late Permian time. We know this from the pres- 
ence in marine sediments of large dropstones, 
which were released from floating ice. In the 
north, dropstones occur in Late Permian mud- 
stones that are widely distributed within a terrane 
known as Kolyma. Today Kolyma forms most of 
the northeastern extremity of Siberia, but in Late 
Permian time it was a separate landmass, probably 
close to the North Pole (Figure 12-24). In the 
south, dropstones are found in Late Permian rocks 
of southeastern Australia. They were apparently 
rafted there on icebergs that broke from glaeiers 
in Antarctica. 

The huge supercontinent that included nearly 
all of Earth’s landmasses was moving northward in 
Late Permian time, stretching virtually from pole 
to pole. Perhaps its encroachment on the north 
pole caused large glaciers to form here for the first 
time in the Paleozoic Era. This may also have been 
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FIGURE 12-26 The terminal Permian boundary at 
Shangsi, China, where the strata have been tilted by 
tectonism. In this view, the Transition Bed is positioned 
above the monument that has been erected to mark the 
boundary. (D. W. Boyd.) 


Nonetheless, because of heavy extinction before 
the deposition of the Transitíon Bed, many Late 
Permian members of these surviving taxa are ab- 
sent from it. 

The last Chinese representatives of other 
major taxa — the fusulinids, rugose corals, tabu- 
lates, and trilobites— are found in rocks posi- 
tioned 2 meters or less below the base of the Tran- 
sition Bed. The pulse of extinction that victimized 
these taxa was so strong that some stratigraphers 
argue that the upper boundary of the Permian 
System should be placed at the base of the Transi- 
tion Bed. 


The Question of Cause As we have seen in 
previous chapters, patterns of extinction suggest 
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REGIONAL EXAMPLES 


Let us begin our discussion of specific regions of 
the late Paleozoic world by examining the eco- 
nomically important coal deposits in North Amer- 
ica and western Europe; and then we will review 
tectonic events in the American Southwest, the 
history of an enormous reef complex in west Texas 
(the site of large petroleum reservoirs), and Per- 
mian orogenic activity along the Pacific margin of 
North America. 


Coal Deposits in North America and Europe 


In Late Carboniferous (Pennsylvanian) time, 
while the Michigan and other rivers flowing from 
the Appalachians continued to form molasse de- 
posits in eastern North America, coal swamps 
spread over the floodplains of these rivers and 
over the margins of epicontinental seas. In North 
America these swamps extended far to the west of 
the mountains over much of the nearly flat mid- 
continent. Some coal basins that are now separate 
were probably connected at the time they were 
formed. The Michigan Basin, however, formed in 
isolation, and the basins in New England and east- 
ern Canada may have done so as well (Figure 
12-28). We now recognize that most of the coal 
beds of western Europe developed as molasse de- 
posits equivalent to those of North America, but at 
the other end of the Hercynian mountain chain 


(Figure 12-22B). 


Two Kinds of Cycles One of the most striking 
aspects of Late Carboniferous coals is the cyclical 
nature of their stratigraphic occurrence. Cycles 
that included coal were of two types: those formed 
by meandering rivers and those formed by 
changes in sea level that apparently resulted from 
the expansion and contraction of continental gla- 
ciers in Gondwanaland. 

In cycles produced by meandering rivers, coal 
beds represent overbank deposits. In other words, 
a single coal bed was produced by a forest growing 
inaswamp that was separated from a river channel 
by a natural levee. Cyclical coal-bearing deposits 
of this kind are found in Pennsylvania, where they 
formed along large rivers that drained the youth- 
ful Appalachians. 

Farther west, in the nearly flat midcontinent 
region of the United States, Late Carboniferous 
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FIGURE 12-27 A Permian calcareous sponge of the 
genus Girtyocoelia. This reef builder had pea-sized 

chambers that were interconnected. Water that passed 
through the chambers was expelled through holes after 
food particles were filtered from it. (Chip Clark.) 


the first time that both of Earth's polar regions 
were icy at the same time. In addition, sea level 
dropped substantially in Late Permian time 
(Major Events, p. 300), eliminating the warm, 
shallow seas that had flooded the continents. If 
cold waters had spread toward the equator as sea 
level dropped, only narrow shelf areas, bathed in 
relatively cool water, would have been available 
to forms of life that had adapted to shallow seas. 
Perhaps this explains the heavy extinction of 
species that required tropical conditions. This 
is a hypothesis, however, not a well-supported 
model. The cause of the crisis that ended the Pa- 
leozoic Era is still a subject of debate. 


(Pennsylvanian) cyeles are of a different type. The 
coal beds of these cycles formed in swamps that 
bordered shallow seas. Here and in similar set- 
tings on other continents, coal beds are thin but 
widespread, occurring within cycles that include 
marine deposits. Dozens of similar cycles are 
commonly found superimposed on one another. 
Such cycles in coal beds are known as cyclothems 
in North America and as coal measures in Britain. 


How Cyclothems Formed The fact that so many 
marine and nonmarine habitats are often repre- 
sented in just a few vertical meters of stratigraphie 
section indicates that the depositional gradient 
was very gentle. It appears that only a slight verti- 
cal movement of the sea or of Earth’s crust ac- 
counted for substantial advance or retreat of the 
water with related shifting of environments. 

The coal now found within a cyclothem began 
to form as peat within a coal swamp. The coal 
swamps seem to have occupied lowland areas 
neighboring the sea. They were fed by the rivers 
whose deposits lie beneath them (Figure 12-29). 
Itis possible that the entire swamp was, in effect, a 
broad river into which inland streams emptied 
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marine sediments are superimposed on nonmarine sedi- 
ments. Underclay is the nonmarine material upon which 
coal swamp plants grew and then died to produce the 
peat that ultimately would become eoal. 
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on Coal-bearing Pennsylvanian rocks at surface 


Pennsylvanian rocks beneath surface 





Percentage of marine sediments increases 


FIGURE 12-28 Distribution of eoal-bearing cyclo- 
thems of Pennsylvanian (Upper Carboniferous) age in 
eastern North America. Before experiencing erosion, 
the cyelothems were even more extensive in the areas 
east and south of the Illinois Basin. The main area of 
coal formation extended from the margin of the early 
Appalachian Mountains on the east to an area of fully 
marine deposition to the west. 
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FIGURE 12-29 A block diagram showing the develop- 
ment of a transgressive sequence that is forming as sea 
level rises and the shoreline shifts inland. A transgres- 
sion produces the lower part of a cyclothem, where 
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one that flowed so slowly that its movement could 
not have been observed with the naked eye. This 
is what the Everglades swamp of Florida is today. 
The Everglades "river" also flows over a very flat 
region —the southern part of the Florida penin- 
sula, which is being partially drowned by the ris- 
ing sea. The water of the Everglades remains fresh 
except near the edge of the sea. 

Cyclothems were formed by alternating 
transgressions and regressions of shallow seas. A 
transgression resulted in the deposition of mar- 
ginal marine peat (future coal) on top of nonma- 
rine deposits and of marine sediment on top ofthe 
peat (Figure 12-29). Regression reversed the se- 
quence, burying marine deposits beneath peat 
and then nonmarine sediments (Figure 12-30). 


Glaciers and Sea Level 


The cause of the fluctuations in sea level that pro- 
duced the Carboniferous cyclothems has long 
been debated. It is doubtful that tectonic move- 
ments of the crust caused these frequent trans- 
gressions and regressions, because such crustal 
movements should be highly localized, and many 
cyclothems are widespread (some, for example, 
can be traced from Pennsylvania to Kansas). Fur- 
thermore, there is no apparent reason why the 
Carboniferous Period alone should have been 
characterized by such tectonic movements. The 
most likely explanation for the rapid transgres- 
sions and regressions is that the world's oceans 
rose and fell as the Gondwanaland glaciers repeat- 
edly melted and re-formed. Why, then, do we not 
find similar cycles representing the Pleistocene 
interval of the past 1.6 million years, when conti- 
nental glaciers have expanded and retreated many 
times? The explanation seems to be that in recent 
times— even during interglacial periods of high 
sea level such as the one in which we live—the 
continents have remained relatively emergent. 
The seas are rising and falling over steeply sloping 
continental margins; they are not invading and 
receding from vast, almost flat interior lowlands as 
they did when they formed the cyclothems of 
Kansas, Illinois, and neighboring regions. 
Sedimentary records show that glaciation 
ceased altogether in South America long before 
glaciers disappeared from Australia. This obser- 
vation suggests that glaciers did not wax and wane 
simultaneously in all parts of Gondwanaland. Thus 
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FIGURE 12-30 Two idealized cyclothems. The coal 
swamps migrated over these nonmarine deposits as the 
transgression proceeded. Above the coal are deltaic and 
other marginal marine sediments, which were deposited 
above the coals as the sea spread inland. The marginal 
marine deposits are succeeded, in turn, by marine lime- 
stones that represent fully marine conditions and then 
by black shales that represent deep environments that 
were present in the region at the time of maximum 
transgression. In time, sea level began to fall again, 

and the depositional sequence was reversed. 


12-31). Here the Ouachita Mountains formed 
as a westward continuation of the Appalachians. 
Today traces of the two mountain chains meet at 
right angles beneath flat-lying younger deposits, 
and although the zone of contact is not well un- 
derstood, the exposed segment of the Quachitas is 
a fold-and-thrust belt resembling the Appalachian 
Valley and Ridge Province (Figure 12-32). One 
difference is that the folded rocks of the Ouachi- 
tas, which range in age from Ordovician to Middle 
Pennsylvanian, consist of deep-water black shale 
and flysch deposits that have been thrust north- 
ward against shelf-edge carbonates of similar age. 
In other words, deformation took place offshore 
from the continental margin (Figure 12-31), and 
after it began, the rate of deposition in the adja- 
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tinent region. To the west, shallow seas covered most of 
the craton, but many uplifts and basins developed from 
Texas to eastern Nevada, apparently in assoeiation with 
the Ouachita orogeny. The highest uplifts, the Front 
Range and the Uncompahgre, are together known as the 
Ancestral Rocky Mountains. Farther west, mountains 
produced by the earlier Antler orogeny still bordered 
the continent, and an island arc now lay along a subduc- 
tion zone offshore in what is now California and Oregon. 
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the rise or fall of the world's oceans at any time 
must have depended on the averaging of glacial 
events within the entire glaciated area. The glacial 
hypothesis for the control of cyclical deposition 
gains support from the fact that the interval during 
which this kind of deposition took place coincided 
with the mid-Carboniferous to mid-Permian in- 
terval of glaciation in Gondwanaland. 


Earth Movements in the Southwestern 
United States 


The late Paleozoic was also a time of mountain 
building along a zone that extended from Utah 
across Oklahoma and Texas to Mississippi (Figure 
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FIGURE 12-31 Paleogeography of the southwestern 
United States during Late Carboniferous (Pennsylva- 
nian) time. Partway through the Late Carboniferous 
interval, Hercynide deformation formed the early Oua- 
chita Mountains at the southern end of the Appala- 
chians. Most of this deformation occurred offshore, 
uplifting oceanic sediments and welding them onto the 
previous continental margin. Coal-bearing cyclothems 
formed in marginal marine environments in the midcon- 
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general similarity between the style of deformation here 
and in the Appalachian fold-and-thrust belt (Figure 
7-11). (After J. Wickham et al., Geology 4:173- 180, 
1976.) 
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FIGURE 12-33 Approximate positions of microplates 
south and east of the Ouachita fold-and-thrust belt late 
in Paleozoic time (above) and today (below). Since late 
Paleozoic time some microplates have shifted south- 
ward, leaving the Gulf of Mexico in their place. (Modi- 
fied from A. G. Smith and J. C. Briden, Mesozoic and 
Cenozoic Paleocontinental Maps, Cambridge University 
Press, Cambridge, 1977.) 
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FIGURE 12-32 Cross section through the Ouachita 
Mountains as they exist today in the southeastern 
corner of Oklahoma. Here large volumes of deep-water 
sediment have been thrust northwestward. Note the 


cent basin increased. In fact, the deformed region 
seems to have behaved as an unusually deep fore- 
land basin in which enormous volumes of deep- 
water Carboniferous deposits continued to accu- 
mulate on top of already-deformed older deposits. 
These younger, thicker deposits were, in turn, 
folded and thrust northward. Most of this defor- 
mation was completed before the start of the Per- 
mian Period. 

The Ouachita deformation was part of the 
general Hercynian sequence of events that united 
Gondwanaland with the Old Red Sandstone conti- 
nent (Figures 12-22B and 12-24). Although plate- 
tectonic events in the vicinity of the Ouachita sys- 
tem were complex and remain poorly understood, 
it is known that several microplates in this region 
were similar to those involved in the origin of the 
Alps. Some of the microplates south of the Oua- 
chita system eventually became parts of Central 
America (Figure 12-33). 

The craton to the north and west of the Oua- 
chita deformation also underwent important tec- 
tonic movement. It is not clear just how these cra- 
tonic movements were related to the Ouachita 
orogeny, but they were largely vertical; enormous 
areas in what is now the southwestern United 
States became transformed into a series of uplifts 
and basins (Figure 12-31). Many of these struc- 
tural features are bounded by high-angle faults. 
The basins accumulated Late Carboniferous 
(Pennsylvanian) and, in some cases, Permian de- 
posits. Clastic debris shed from the uplifts was 
deposited rapidly in nearby basins as coarse ar- 
kose. Arkose is a sedimentary rock that consists 


largely of feldspar, a mineral that weathers to clay 
if it is not buried rapidly (see Appendix I). 

Two of the uplifts, the Front Range and Un- 
compahgre uplifts, are commonly referred to as 
the Ancestral Rocky Mountains. The Ancestral 
Rockies developed during Late Carboniferous 
time; they were elevated and then subdued by 
erosion in an area where portions of the Rocky 
Mountains stand today. It is estimated that the 
Uncompahgre uplift rose to between 1.5 and 3.0 
kilometers (~ 1 or 2 miles) above the surrounding 
seas, which flooded much of western North 
America. This elevation is comparable to that of 
the modern Rockies above the Great Plains to the 
east. The Front Range uplift is named for the 
Front Range of the modern Rockies, which now 
extends slightly farther east than the late Paleo- 
zoic uplift. Growth of the Ancestral Rockies ele- 
vated Precambrian rocks beneath, which later 
were leveled by erosion. The Precambrian roots 
of the Ancestral Rockies can still be observed 
where more recent secondary uplift has caused 
rivers to cut deep gorges (Figure 12-34). 

At places in the basin lying between the Un- 
compahgre and Front Range uplifts, arkosic sands 
and conglomerates accumulated to thicknesses 
exceeding 3 kilometers (~ 2 miles). The Fountain 
Arkose, which formed along the eastern flank of 





iment shed from the Ancestral Rocky Mountains that lay 
slightly to the west in Late Carboniferous time. The 
Fountain Arkose was later tilted upward when the mod- 
ern Rockies formed. (T. S. Lovering, U.S. Geological 
Survey.) 
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FIGURE 12-34 Black Canyon of the Gunnison River, 
Colorado, cut into crystalline Precambrian rocks that 
formed part of the Uncompahgre uplift. This uplift was 
leveled by erosion during the first half of the Mesozoic 
Period, and Upper Jurassic and Cretaceous rocks, seen 
here in the distance, were deposited on top of the 
eroded surface. (Martin Miller.) 
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FIGURE 12-35 Northward view along the Front 
Range of the Rocky Mountains near Morrison, Colo- 
rado. The core of the Rockies lies to the left. Tilted up- 
ward along its margin are the so-called Flatirons. These 
are formed of Foundation Arkose, which consists of sed- 
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FIGURE 12-36 Aerial view of the 
Guadalupe Mountains from above the 
Delaware Basin. The Capitan reef 
Limestone of the Guadalupe Moun- 
tains rims the basin. The cross section 
below, from northwest to southeast, 
shows the configuration of the basin. 
(Figure 12-38 shows the location.) 
(National Park Service.) 
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mian Period (Figure 12-36). Earlier, during the 
latter part of Late Carboniferous (Pennsylvanian) 
time, the shallow seas that had shifted back and 
forth over the coal basins of the central United 
States withdrew westward, never to return. In 
earliest Permian time they remained only in Texas 
and in neighboring areas, where they were con- 
nected to the seas that still flooded the western 
margin of North America (Figure 12-37). The An- 
cestral Rockies still stood high, as a mountainous 
island, and the young Ouachita Mountains bor- 
dered the southern margin of North America as 
what must have been a rugged and imposing 
mountain range. To the northwest of this range, 
detrital material came to rest in a marginal fore- 
land basin. 

During Early and Middle Paleozoic time, ma- 
rine deposits accumulated in the area that now 
forms west Texas, which was a broad, shallow 
basin on the continental shelf. During the uplift of 
the Ouachita range and other Carboniferous 
uplands, a small fault block rose up withinthe west 
Texas basin, dividing it into the Delaware Basin 
and the Midland Basin (Figure 12-37). Both of 
these basins subsequently received large thick- 
nesses of sediment that have yielded enormous 
quantities of petroleum. 
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the Front Range uplift, was later upturned along 
the front of the modern Rockies when they were 
uplifted. Here, through differential erosion, the 
Fountain stands out in central Colorado as a series 
of spectacular ridges (Figure 12-35). 

The Ancestral Rockies lay close to the Late 
Carboniferous equator, where easterly equatorial 
winds must have prevailed. It is therefore under- 
standable that the ancient mountains seem to have 
produced a rain shadow to their west. Here, in the 
Paradox Basin (Figure 12-31), great thicknesses 
of evaporites — primarily halite (Figure AI-1) — 
accumulated. 


The Permian System of West Texas 


The Delaware Basin of Texas and New Mexico is 
one of the most famous geologic structures in the 
world, both because of its economic importance 
and because it offers spectacular scenery. Al- 
though it has not been occupied by the sea for 
more than 200 million years, it remains a topo- 
graphic basin. A person can stand in its center 
today and view ancient carbonates that formed as 
banks or reefs around the margin during the Per- 
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FIGURE 12-38 Paleogeography of Texas and neigh- 
boring regions when reefs encircled the Delaware Basin 
in Late Permian time. During this interval a narrow 
passageway (Hovey Channel) connected the Delaware 
Basin with the open ocean to the west, but the Midland 
Basin was eventually filled with sediment. Line AB 
shows the location of the cross section in Figure 12-36. 


As time passed and sea level rose, the reef 
grew upward more rapidly than the Delaware 
Basin filled in, and eventually the reef stood high 
above a basin that was some 600 meters (~ 2000 
feet) deep (Figure 12-39). Although the waters 
have long since withdrawn, this is the configura- 
tion that remains today (Figure 1 2-36). Early in its 
history, when the Delaware Basin was relatively 
shallow, its floor was inhabited by snails, deposit- 
feeding bivalves, sponges, and brachiopods. 
Later, when the basin had deepened, these ani- 
mals decreased in number; the only abundant ma- 
rine fossil remains in the younger basin deposits 
are conodonts (Figure 10-6), radiolarians (Figure 
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FIGURE 12-37 Paleogeography of Texas and neigh- 
boring regions in earliest Permian time. Shallow seas 
now flooded only parts of western North America, in- 
cluding this region between the Ouachita Mountains 
and the Ancestral Rockies. Mild deformation of the cra- 
ton northwest of the Ouachitas continued from Late 
Carboniferous time, and the Delaware and Midland 
basins formed in western Texas as part of the Ouachita 
foreland basin. (Modified from J. M. Hills, Amer. Assoc. 
Petrol. Geol. Bull. 56:2303—2322, 1972.) 


Reef Growth While reefs grew upward around 
the Delaware Basin, the Midland Basin to the east 
became filled with sediment (Figure 12-38). 
Along with surrounding areas, it was then flooded 
by shallow seas. Although by this time, the Ances- 
tral Rockies had been lowered by erosion, they 
still formed a large island to the northwest. The 
Delaware Basin lay very close to the Permian 
equator, and the Ouachita chain must have left 
the basin in the rain shadow of equatorial winds 
blowing from the east. The shallow seas that 
surrounded the basin were the sites of carbonate 
and evaporite deposition in what was obviously an 
arid climate. 
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mian Period.) Note that the reef advanced toward the 
basin center as it grew upward. (After N. D. Newell et 
al., The Permian Reef Complex of the Guadalupe Moun- 
tains Region, Texas and New Mexico, W. H. Freeman and 
Company, New York, 1953.) 


angles as high as 40°. In the rubble of the forereef 
slope are many beautifully preserved fossils 
whose originally calcareous hard parts have been 
replaced by durable silica; among them are 
sponges (Figure 12-27) and shells of fusulinid fo- 
raminifera that lived in shallow habitats but peri- 
odically washed downto lodge in the slope rubble. 
Some were swept into the basin by turbidity flows 
that left conspicuous graded beds in the rocks of 
the basin; these beds constitute the Delaware 
Mountain Group. Most sediments of this unit are 
dark sands and silts that periodically washed into 
the basin, apparently when sea level was low and 
the reef surface was exposed to erosion. 

When the older bedding surfaces of the car- 
bonates that ring the Delaware Basin are traced 
laterally, a different configuration becomes ap- 
parent. These older bedding surfaces show that 
the early reefs, known as the Goat Seep Forma- 
tion, stood in much lower relief above the basin 


FIGURE 12-39 Profiles of the reef that now forms the 
Guadalupe Mountains early in Guadalupian time (A) 
and later in Guadalupian time (B), when the reef had 
grown rapidly upward while the basin deepened. (The 
Guadalupian Stage was the next-to-last stage of the Per- 


AI-18), and ammonoids (Figure 12-1), all of which 
lived high in the water column and sank to the 
bottom when they died. Also present are plant 
spores that were blown into the basin from the 
land. We can conclude that when the Capitan 
Limestone formed (Figure 12-39), the floor of the 
deep basin below was poorly oxygenated; oxygen 
used up in the decay of organic matter was not 
replenished, and few bottom-dwelling animals 
could survive. 

The reeflike structure that rims the Delaware 
Basin was built during the Guadalupian Age, the 
second-to-last age ofthe Upper Permian. The reef 
was formed primarily by sponges (Figure 12-27), 
algae, and lacy bryozoans (Figure 12-5). The crest 
of the reef was covered by shallow water that also 
bathed an extensive back-reef flat (Figure 12-39). 
Rubble from the reef periodically tumbled down 
the forereef slope into the basin. The ancient talus 
slope is present today in bedding that dips at 





basin. Fresh water later dissolved the evaporites 
in many areas, exposing the ancient reef-encircled 
strueture (Figure 12-36). 


The Western Margin of North America 


What was happening to the west of the Delaware 
Basin and the Ancestral Rocky Mountains? Dur- 
ing late Paleozoie time the western margin of 
the North American eraton passed through what 
is now northwestern Nevada (Figure 12-31). 
Hundreds of kilometers from the margin of the 
craton, volcanoes were active again in the area 
that is now California and slightly to the north. 
Here coarse clastic deposits were shed from vol- 
canic highlands into the surrounding seas. An oro- 
genic episode in Nevada in latest Permian and 
Early Triassic times was remarkably similar to the 
Antler orogeny (Figure 11-30). In this second, 
Sonoma orogeny, as in the Antler, marine deposits 
were thrust upward over the continental margin. 
The Sonoma orogeny was of great significance in 
that it entailed the complete closure of the basin 
between the volcanic are and the North Ameriean 
continent. While some of the deep-sea deposits of 
the basin were thrust onto the eontinent, others 
were welded onto the continental margin along 
with the volcanic terrane of the arc. The result was 
a considerable westward growth of the North 
Ameriean crust. 


CHAPTER SUMMARY 


1 Marine life of late Paleozoic time in many ways 
resembled life of the middle Paleozoie, but the 
tabulate-strome reef community was gone. In ad- 
dition, four groups that expanded enormously 
eontributed large volumes of skeletal debris to 
limestones: first crinoids and lacy bryozoans, later 
flakelike algae and fusulinid foraminifera. 


2 In Carboniferous time the coal-swamp floras, 
which were dominated by trees ofthe genera Lepi- 
dodendron and Sigillaria, played a major ecologic 
role, as did seed ferns and, on drier land, sphenop- 
sids and cordaites. During the Permian Period, 
however, climates in the Northern Hemisphere 
became warmer and drier, and these plant groups 
gave way to conifers and other gymnosperms. 
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(Figure 12-39). From its earliest days until late in 
the Permian, the Delaware Basin was connected 
with the open sea to the southwest through what is 
called Hovey Channel. Early in the evolution of 
the basin, when the reefs were low, the connec- 
tion and the resulting pattern of water circulation 
permitted oxygen-rich waters to reaeh the basin 
floor so that animals could live there (Figure 
12-40). Later the basin deepened, but Hovey 
Channel remained shallow, a conformation that 
caused the bottom waters of the basin to become 
stagnant and poor in oxygen, excluding almost all 
forms of life. 


Death of the Reef Eventually, near the end of 
Permian time, the Delaware Basin filled with evap- 
orites. As we have seen, the climate of Texas and 
neighboring areas became arid toward the end of 
the Permian, and the rate at which waters evapo- 
rated from the Dclaware Basin may have in- 
creased. Hovey Channcl may also have become so 
constricted that the rate of evaporation there oc- 
casionally exceeded the rate at whieh new water 
was supplied. In any case, the reef stopped grow- 
ing and the basin ultimately filled with evaporites; 
distinct layers in some of these evaporite deposits 
extend over many hundreds of square kilometers 
(Figure 4-9). It is possible that this layering re- 
flects seasonal changes similar to those responsi- 
ble for glacial varves. 

The Dclaware Basin evaporites remained in 
place for along period, protecting the magnificent 
geologic reeord along the walls and floor of the 
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FIGURE 12-40 Patterns of water circulation in the 
Delaware Basin. Early in its history, the basin was shal- 
low enough that well-oxygenated surface water reached 
its floor (A). Later, when the basin had deepened, good 
circulation was restricted to the upper waters, and 

the bottom waters thus became stagnant (B). (After 

N. D. Newell et al., The Permian Reef Complex of the 
Guadalupe Mountains Region, Texas and New Mexico, 

W. H. Freeman and Company, New York, 1953.) 
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EXERCISES 


1 What became of the Old Red Sandstone conti- 
nent during late Paleozoic time? 


2 If you could examine Late Carboniferous 
(Pennsylvanian) coal-bearing cycles in the field, 
how would you determine whether the coal de- 
posits formed along a river or a shallow sea? 
(Hint: Refer to Figures 3-14 and 12-30.) 


3 What groups of terrestrial plants that existed in 
late Paleozoic time survive today? 


4 What justification is there for dividing the Car- 
boniferous interval into the Mississippian and 
Pennsylvanian periods? 


5 How did the history of glacial activity in Late 
Carboniferous time relate to the deposition of 
coal? 


6 In eastern North America, mountain building 
progressed from New England to Texas during 
Paleozoic time. How does this pattern relate to 
continental movements? (Review the relevant 
parts of Chapters 7, 10, and 11, as well as the 
relevant part of this chapter.) 


7 In what way may therapsids have been superior 
to the amphibians and reptiles that preceded 
them? 


8 Why were evaporite deposits more widespread 
in Europe and North America than in most parts 
of Gondwanaland during Late Permian time? 


ADDITIONAL READING 


Bakker, R. T., “Dinosaur Renaissance," Scientific 
American, April 1975. 


Benton, M. J., Vertebrate Palaeontology, Unwin 


Hyman, London, 1990. 


Thomas, B. A., and R. A. Spicer, The Evolution and 
Palaeobiology of Land Plants, Croom Helm, 
London, 1987. 


3 Carboniferous coal swamps produced coal beds 
that commonly occur within depositional cycles, 
some of which represent meandering rivers and 
others alternating transgressions and regressions 
of shallow seas. 


4 Throughout nearly all of late Paleozoic time, 
continental glaciers blanketed the south polar re- 
gion of Gondwanaland and large areas of this great 
southern continent were populated by the cold- 
adapted Glossopteris flora. 


5 Insects originated during the Carboniferous 
Period and underwent a great adaptive radiation. 
During the Permian Period, amphibians were dis- 
placed from terrestrial habitats by early mammal- 
like reptiles, including finbacks, but these soon 
gave way to more advanced mammal-like reptiles, 
the therapsids. 


6 In mid-Carboniferous time Gondwanaland be- 
came sutured to the Old Red Sandstone continent, 
forming the Hercynide mountain chains. 


7 The latter part of the Permian Period was atime 
of hot, dry conditions and widespread evaporite 
deposition in equatorial regions. The Permian 
Period — and thus the Paleozoic Era as well — 
ended with an enormous extinction that appears 
to have eliminated most species of invertebrates 
in the ocean as well as many species of vertebrates 
on the land. 


8 In the United States west of the Appalachians, 
the Hercynian orogenic episode affected the cen- 
tral and southern Appalachians and also created 
the Ouachita Mountains in Oklahoma and Texas. 
Uplifts and basins formed north and west of the 
Ouachitas. The Delaware Basin in western Texas 
became encircled by a reef complex in the Per- 
mian System, and near the end ofthe Permian this 
basin was filled by evaporite deposits. Beginning 
in the latest Permian time, the Sonoma orogeny 
resulted in continental accretion along the west- 
ern margin of North America. 
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THE MESOZOIC ERA 


hen the Mesozoic Era, or Age of Dinosaurs, began, all of the 

major continents of the world were joined in the supercontin- 
ent Pangaea. As the era progressed, Pangaea separated into many 
fragments, and tectonic activity created major mountain chains in 
many parts of the world, including the western margin of the Ameri- 
cas. Marine and terrestrial biotas, badly damaged by the mass ex- 
tinction at the end of the Paleozoic, were impoverished at the start of 
the era. As they recovered, mollusks, swimming reptiles, and new 
kinds of fishes gained ascendancy in the oceans and dinosaurs soon 
dominated the land; mammals, which also evolved early in the era, 
remained small and unobtrusive. Huge flying reptiles and primitive 
birds appeared, and near the end of the era, flowering plants re- 
placed conifers and their relatives as the dominant forms of terres- 
trial vegetation. Mass extinctions punctuated the Mesozoic history of 
life, and the one that marked the end of the era resulted in the 
disappearance of the dinosaurs. 


Alfosaurus, a huge carnivorous dinosaur of Jurassic age that roamed the Ameri- 
can West, reached a length of about 12 meters (— 40 feet) and its skull was 
nearly a meter (—3 feet) long. (Chip Clark.) 
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CHAPTER 





The Early Mesozoic Era 


the Triassic Period, mollusks had reexpanded to 
become more diverse than they had been during 
the Paleozoic Era. Their success has continued to 
the present time. The marine ecosystem was also 
transformed during Triassic and Jurassic time by 
the addition of both modern reef-building corals 
and large reptiles, which joined fishes as swim- 
ming predators. On the land, gymnosperm floras 
that had conquered the land during the Permian 
Period continued to dominate landscapes, and fly- 
ing reptiles and birds appeared as well. The most 


Age (million years) 


Late 


Triassic 





۱ he Mesozoic Era, or the "interval of middle 
life," began with the Triassic Period. The 
Triassic and the subsequent Jurassic Period to- 
gether constitute slightly more than half of the 
era. Rocks representing these periods are espe- 
cially well exposed and well studied in Europe. 
Near the transition from the Paleozoic Era to 
the Mesozoic Era, the great supercontinent 
Pangaea took its final form, encompassing virtu- 
ally all the major segments of Earth’s continental 
crust. Pangaea was so large that much of its terrain 
lay far from any ocean and, as a result, became 
arid. During Jurassic time, however, sea level rose 
and marine waters spread rapidly over the land, 
leaving a more extensive record of shallow marine 
deposition than that of the Triassic System. Then, 
later in early Mesozoic time, Pangaea began to 
fragment, and before the end of the Jurassic Pe- 
riod, Gondwanaland was once again separate from 
the northern landmasses. 
Life of early Mesozoic time differed substan- 
tially from that of the Paleozoic Era. For many 
groups of animals, recovery from the Late Per- 
mian biotic crisis was sluggish, but by the end of 





Dinosaur tracks of Jurassic age in the Painted Desert in 
Arizona. (Tom Bean.) 
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MAJOR EVENTS OF EARLY MESOZOIC TIME 
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mals, including dinosaurs, oceupied Late Triassic terres- 
trial environments, and birds were present before the 
end of Jurassic time. In the oceans, adaptive radiation 
gave mollusks a major ecologic role. Hexacorals evolved 
in mid-Triassic time and by Early Jurassic time had pro- 
duced reefs resembling those of the modern world. 
Large predatory reptiles evolved in the Triassie Period 
and flourished in the Jurassic Period as well. 
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Sea level rose gradually during early Mesozoic time. 
Ferns flourished during Triassic time, but gymnosperms 
continued to dominate terrestrial environments. After 
the Late Permian crisis, marine and terrestrial faunas 
were impoverished, but adaptive radiations soon replen- 
ished animal life. Mass extinctions weaker than the ter- 
minal Permian crisis struck at the end of the Triassic and 
Jurassic periods. Several new groups of vertebrate ani- 
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others had become rare. Gone were fusulinid fo- 
raminifera, lacy bryozoans, rugose corals, and tri- 
lobites. Most common in Lower Triassic rocks are 
mollusks. The ammonoids made a dramatic re- 
covery after almost total annihilation; although 
only two ammonoid genera are known to have sur- 
vived the Permian crisis, Lower Triassic rocks 
have yielded more than 100 genera of ammo- 
noids. The adaptive radiation that produced these 
genera seems to have issued from the single genus 
Ophiceras, which appears to have been a descend- 
ant of Xenodiscus (see Figure 12-1). Other groups 
of marine life were slower to recover, but by Late 
Triassic time the seas were once again richly pop- 
ulated with animals. 


Seafloor Life 


Bivalve and gastropod mollusks were less severely 
affected by the Permian extinction than were 
many other groups. In fact, bivalves, like ammo- 
noids, are frequently found in Lower Triassic 
rocks, although their diversity is somewhat lim- 
ited. Both bivalves and gastropods expanded in 
number and in variety to become among the most 
important groups of early Mesozoic marine ani- 
mals. As in the Paleozoic Era, some of the bivalves 
burrowed in the seafloor, while others rested on 
the sediment surface (Figure 13-1). 


eae F 


to other shells, and the coiled oyster Gryphaea. Other 
new animals, including sea urchins such as Nucleolites, 
lived within the sediment. (Modified from F. T. Fürsich, 
Palaeontology 20:337 —385, 1977.) 


dramatic event in the terrestrial ecosystem, how- 
ever, was the emergence and diversification of the 
dinosaurs. Mammals also evolved during that 
time, but they remained small and relatively in- 
conspicuous throughout the Mesozoic Era. 

The Triassic System is bounded by the termi- 
nal Permian extinction below and by another ex- 
tinction above. It was the unique fauna of this sys- 
tem that led Friedrich August von Alberti to 
distinguish the Triassic in 1834. Alberti originally 
named the system the Trias for its natural division 
in Germany into three distinctive stratigraphic 
units. 

The Jurassic System also originated with a 
more abbreviated name, Jura, a label that was 
borrowed from a portion of the Alps in which the 
system is especially well exposed. The Jurassic 
was not formally established by a published pro- 
posal, however; instead, it gradually came to be 
accepted as a valid system during the first half of 
the nineteenth century, when its many distinctive 
marine fossils were widely investigated. 


LIFE IN THE OCEANS: A NEW BIOTA 


By the end of the great extinction that brought the 
Paleozoic Era to a close, several previously di- 
verse groups of marine life had vanished and 


Thurmanella 
(brachiopod), 
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FIGURE 13-1 Life of a Late Jurassic seafloor. As in 
Paleozoic time, many animals lay exposed on the sea- 

floor, but some of them were of new types, such as the 
irregularly shaped oyster Lopha, which cemented itself 


FIGURE 13-2 Side and bottom views of 
the Jurassic sea urchin Leioechinus. Like 
other nearly circular sea urchins, this ani- 
mal lived on the surface of the sediment. In 
life, movable spines were attached to the 
numerous knobs by ball-and-socket joints. 
These spines served for defense and for lo- 
comotion. This animal was about the size 
of a doughnut. (P. M. Kier, Smithsonian 
Institution.) 


is still successful today — the hexacorals (Figure 
13-3). This tentacle-feeding group of corals in- 
cludes solitary species that resemble the solitary 
ruguse corals of the Paleozoic Era (Figure 10-13) 
as well as colonial reef builders. Early reeflike 
structures of Middle Triassic age were low 
mounds that stood no more than 3 meters (~ 10 
feet) above the seafloor. Most of these mounds 
were built by only a few kinds of organisms. By 
latest Triassic time, reefs were larger, some hav- 
ing been constructed by more than 20 species. 

Some of the early coral mounds grew in rela- 
tively deep waters, so it appears that the earliest 
hexacorals, unlike the corals that form large tropi- 
cal reefs today, did not live in association with 
symbiotic algae. Perhaps it was not until latest 
Triassic or Early Jurassic time, when hexacorals 
began to form large reefs, that this important sym- 
biotic relationship was established. 

Because of the success of bivalve and gastro- 
pod mollusks, sea urchins, and reef-building hexa- 
corals, seafloor life of the Late Jurassic world 
looked much more like that of today than had sea- 
floor life of the Paleozoic Era. Still missing were 
many kinds of modern arthropods, but the group 
that includes crabs and lobsters got off to a modest 
evolutionary start during the Jurassic Period (Fig- 
ure 13-4). 


Pelagic Life 


Presumably many kinds of planktonic organisms 
in Triassic and Jurassic seas left no fossil record, 
but a few types are abundant in early Mesozoic 
rocks. Acritarchs left a meager record, which in- 
dicates that they had not recovered from the great 
extinction near the end of the Devonian Period. In 
contrast, the dinoflagellates— which had existed 
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Other than ammonoids and bivalves, only bra- 
chiopods make a modest showing in Lower Trias- 
sic rocks; all other marine invertebrates are rare. 
The brachiopods also diversified during the Trias- 
sic and Jurassic periods, but they subsequently 
declined until today they are very sparse. As we 
shall see in Chapter 14, their deeline can probably 
be attributed to the appearance of new kinds of 
predators in late Mesozoic time. 

Sea urchins, which had existed in limited vari- 
ety during the Paleozoic Era, diversified greatly 
during the first half of the Mesozoic Era (Figure 
13-2). Some of the new forms that emerged at this 
time were surface dwellers, like most of the Pa- 
leozoic sea urchins, but others lived within the 
sediment as aetively burrowing deposit feeders 
(Figure 13-1). 

Early in Mesozoic time, the place of the ex- 
tinct Paleozoic corals was taken by the group that 


3 : 45 Aah 3 < 2 
R (T 4 
FIGURE 13-3 Triassic hexacorals. The fragments 

of colonies shown here are 3 to 4 centimeters (~ 1.5 


inches) across. (George Stanley.) 
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FIGURE 13-5  Calcareous nannoplankton from the 
Upper Jurassic Series of England. Many of the cal- 
careous discs shown here are united just as they were 


when they formed armored shields around spherical 
algae cells. (See Figure 2-26C.) (D. Noél.) 





inconspicuous until the Mesozoic Era, at which 
time many types evolved. Conodonts, the tooth- 
like structures that are now known to have be- 
longed to eel-like animals (Figure 10-6), have also 
proved useful in the correlation of Triassic rocks, 
but by Jurassic time, conodont-bearing animals no 
longer existed. 





FIGURE 13-6 The Jurassic ammonoid Phylloceras. 
The suture pattern is shown below the shell. (The suture 
is the juncture between the convoluted internal parti- 
tions, or septa, and the coiled outer shell.) 


Whe | 
j 





sany 


FIGURE 13-4 An early lobsterlike animal belonging 
to the Jurassic genus Cycleryon. Note how weak the 
claws of this animal were in comparison with those of a 
modern lobster or crab. (Field Museum of Natural His- 
tory, Chicago.) 


even in the Paleozoic Era — underwent extensive 
diversification during mid-Jurassic time and re- 
main an important group of producers in modern 
seas (Figure 2-26). The calcareous nannoplank- 
ton, another important group of living algae, made 
their first appearance in earliest Jurassic time 
(Figure 13-5). Today these floating algae are con- 
centrated in tropical seas (Figures 2-26 and 2-28), 
and their armor plates rain down on the deep sea 
to become important constituents of deep-sea 
sediments. 

Higher in the food chain, the ammonoids and 
the belemnoids played major roles as swimming 
predators. The ammonoids’ evolutionary recov- 
ery after the Permian crisis led to great success 
throughout the Mesozoic Era. Individual ammo- 
noid species, however, survived for relatively 
brief intervals, often a million years or less, and so 
they are extremely useful as index fossils for 
Mesozoic rocks (Figure 13-6). The belemnoids, 
which were squidlike relatives of the ammonoids, 
also pursued prey by jet propulsion (Figure 13-7). 
They evolved in late Paleozoic time but remained 


Paleozoic ray-finned bony fishes gave rise to 
forms that were successful in early Mesozoic time 
but were still more primitive than most of their 
modern-day deseendants. The scales that covered 
the bodies of these fishes, for example, were 
diamond-shaped structures that overlapped 
slightly or not at all (Figure 13-8A), in sharp con- 
trast to the circular, strongly overlapping scales of 
nearly all modern bony fishes. Presumably the 
primitive diamond-shaped scales were less pro- 
tective than the modern kind. Other features that 
distinguished early Mesozoic bony fishes from 
their modern counterparts were skeletons that 
consisted partly of cartilage rather than entirely of 
bone; relatively simple, primitive jaws; and tails 
that were highly asymmetrieal, like those of all 
Paleozoic bony fishes. Some early Mesozoic.bony 
fishes had teeth shaped like rounded pegs, which 
served to crush durable items of food — probably 
small shellfish. Bony fishes underwent many 
changes during the Mesozoic Era, and by the end 
of the era, few species with these primitive traits 
remained. One especially useful feature that de- 
veloped during this time was the swim bladder, a 
sac of gas that allows advanced fishes to regulate 
their buoyaney. The swim bladder evolved from 
the lung, which was present in some primitive 
fishes. 

Sharks were also well represented in early 
Mesozoic seas. One particularly prominent group, 
the hybodonts (Figure 13-9), had already diversi- 
fied by the end of the Paleozoic Era. Some had 
teeth that were adapted for crushing shellfish, like 
those of the bony fish shown in Figure 13-8C. The 
living Port Jackson shark of Australia, a descend- 
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FIGURE 13-7 Belemnoids, squidlike cephalopod mol- 
lusks that were related to ammonoids but lacked exter- 
nal shells. A. Like ammonoids, they were predators that 
swam by jet propulsion. B. The most eommonly pre- 
served part of a belemnoid is the cigar-shaped counter- 
weight. This heavy structure acted to offset the buoyant 
effect of gas within the shell, thereby maintaining bal- 
ance. (A. Field Museum of Natural History, Chicago. 

B. Chip Clark.) 





nal column). C. This particular genus had knobby teeth 
for crushing shellfish, like those in the roof of a similar 
fish's mouth. (Museum Hauff, Holzmaden, Germany.) 


FIGURE 13-8 The Jurassic fish Dapedius. A. Unlike 
modern fishes, this early form had scales that barely 
overlapped one another. B. It also had asymmetrical 
skeleton supports within its tail (note the upturned spi- 
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bony fish of Figure 13-8 in that its teeth were adapted 
for crushing shellfish. (Museum für Geologie und Paláon- 
tologie, Tübingen, Germany.) 
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cally plunged into the water to feed on fishes. 
Although the placodonts and nothosaurs did not 
survive the Triassic Period, a group of more fully 
aquatic reptiles evolved from the nothosaurs in 
mid-Triassic time, and these reptiles, known as 
plesiosaurs, played an important ecologic role for 
the remainder of the Mesozoic Era. Plesiosaurs 
apparently fed on fishes and, in Cretaceous time, 
attained the proportions of modern predatory 
whales, reaching some 12 meters (~ 40 feet) in 
length. The limbs of plesiosaurs were winglike 
paddles that propelled these animals through the 
water in much the same way that birds fly through 
the air (Figure 13-12). 

By far the most fishlike reptiles of Mesozoic 
seas were the ichthyosaurs, or "fish-lizards," 
many of whose species must have been top preda- 
tors in marine food webs. Superficially, ichthyo- 
saurs bear a closer resemblance to modern dol- 
phins, which are marine mammals, than to fishes; 


FIGURE 13-10 Recon- 
struction of a Triassic placo- 
dont. This aquatic reptile (A), 
which crushed shelled marine 
invertebrates of the sea floor 
with large, rounded teeth (B), 
was about 1.5 meters (~5 
feet) long. (A. Dan Varner.) 
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FIGURE 13-9 A hybodont shark (Hybodus) from the 


Lower Jurassic Series of Germany. This animal, which 
was about 2.2 meters (— 7 feet) in length, resembled the 


ant of the hybodonts, has similar teeth and feeds 
on mollusks. While the hybodonts declined in di- 
versity late in Mesozoic time, more modern sharks 
appeared. Mackerel sharks, for example, evolved 
during the Jurassic Period, as did the family that 
includes the modern tiger shark. 

Many reptiles that resembled the popular 
conception of sea monsters emerged in early 
Mesozoic seas. Among them were the placodonts, 
which, like many early Mesozoic fishes, were 
blunt-toothed shell crushers (Figure 13-10). The 
placodonts' broad, armored bodies gave them the 
appearance of enormous turtles. Cousins of the 
placodonts were the nothosaurs (Figure 13-11), 
which have been found in Early Triassic deposits 
and seem to have been the first reptiles to invade 
the marine realm. Nothosaurs had paddlelike 
limbs resembling those of modern seals. It seems 
likely that, like modern seals, they were not fully 
marine, but lived along the seashore and periodi- 
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Triassic Muschelkalk of Germany. Like modern seals, 
these animals probably fished along the shore. (Museum 
für Geologie und Palüontologie, Tübingen, Germany.) 


that characterized early Mesozoic bony fishes 
(Figure 13-8). Large eyes supplemented other 
adaptations of ichthyosaurs for rapid swimming in 
the pursuit of prey. Ichthyosaurs were fully ma- 
rine and thus could not easily lay eggs; instead, 
they bore live young. In fact, skeletons of ichthyo- 
saur embryos have been found within the skele- 
tons of adult females. 


FIGURE 13-12 Late Jurassic (Oxfor- 
dian) plesiosaurs from England mounted 
in swimming position. Note the paddle- 
like limbs. These two animals illustrate 
the two body types of plesiosaurs. Crypto- 
clidus, above, has a long neck and a short 
head, whereas Peloneustes, below, has a 
short neck and a long head. Cryptoclidus 
is about 3 meters (— 10 feet) long. (Mu- 
seum für Geologie und Paläontologie, 
Tübingen, Germany.) 
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FIGURE 13-11 The nothosaur Ceresiosaurus, which 
was about 2.2 meters (— 7 feet) long, preserved with 
small nothosaurs of a different family in the Middle 


outlines of skin preserved in black shales under 
low-oxygen conditions show the dolphinlike pro- 
hles of some ichthyosaurs (Figure 1-13). The 
ichthyosaurs, however, had upright tail fins rather 
than the horizontal pair of rear flukes that propel 
dolphins through the water. In addition, the ex- 
tension of the backbone into the ichthyosaur tail 
bent downward, in contrast to the upward curve 
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learned in Chapter 12, the decline of the late Pa- 
leozoic floras began long before the end of the 
Permian Period. In effect, the transition from the 
late Paleozoic kind of flora to the Mesozoic kind of 
flora began before the start of the Mesozoic Era. 

Among the groups that decreased in diversity 
long before the end of Permian time were the 
lycopod trees, which formed coal swamps, and the 
sphenopsid and cordaite trees, which inhabited 
higher ground. Persisting into the Mesozoic Erain 
greater numbers were ferns and seed ferns. Seed 
ferns, however, were reduced in abundance and 
apparently failed to survive into Jurassic time. 
Ferns, of course, survived, but diverse and abun- 
dant as they are today, they are nowhere near as 
prevalent as they were in Triassic time. Ferns, in 
fact, dominate Triassic fossil floras (Figure 13-14). 

Most of the trees that stood above Triassic 
ferns belonged to three groups of gymnosperms 
that had already become established during the 
Permian Period. The most diverse of these three 
groups was the one comprising the cycads and 
cycadeoids; they were followed by the conifers, 
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FIGURE 13-14 A fossil fern from thc Upper Triassic 
Chinlc Formation of New Mexico (X 0.7). (U.S. Geologi- 
cal Survey.) 





FIGURE 13-13 A marine crocodile, Steneosaurus, in 
the Lower Jurassic Posidonia Shale of Holzmaden, Ger- 
many. The animal was more than 2.5 meters (—8 feet) 
in length. Adjacent to the skeleton on the left is a clus- 
ter of stones that were located in the gut of the animal, 
where they served to grind up food. (Museum für Geolo- 
gie und Paläontologie, Tübingen, Germany.) 


Surprising as it may seem, the last important 
group of early Mesozoic marine reptiles to evolve 
were the early crocodiles, which, as we will see, 
were related to the dinosaurs. Although croco- 
diles evolved in Triassic time as terrestrial ani- 
mals, some were adapted to the marine environ- 
ment by earliest Jurassic time (Figure 13-13). In 
fact, some crocodiles became formidable ocean- 
going predators whose finlike tails were well 
adapted for rapid swimming. 


TERRESTRIAL LIFE 


The presence of dinosaurs during the Mesozoic 
Era gave the biotas of large continents an entirely 
new character, but Mesozoic land plants were also 
distinctive. Because these plants were positioned 
at the bases of the food webs to which dinosaurs 
belonged, we will review them first. 


Land Plants: The Mesozoic Gymnosperm 
Flora 


Unlike terrestrial animals, land plants do not ap- 
pear to have undergone a dramatic mass extinc- 
tion at the close of the Paleozoic Era. As we 


FIGURE 13-15 Leaves 
of the living ginkgo, 
Ginkgo biloba (A), and 

a similar leaf of early Ce- 
nozoic age (B). (A. Dave 
Watts/NHPA. B. Smith- 


sonian Institution.) 
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FIGURE 13-16 Reconstruction of a Mesozoic land- 
scape. Cycads, cycadeoids, and ferns appear in the fore- 
ground and conifers along the horizon. (Drawing by 
Z. Burian under the supervision of Professor J. Augusta.) 
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which we have already discussed (p. 38), and the 
ginkgos. All three of these groups survive to this 
day, but the cycads are rare, and there is only one 
living species of ginkgo remaining on Earth (Fig- 
ure 13-15). 

The trees that belonged to these three domi- 
nant groups are united as gymnosperms because 
they were all characterized by exposed seeds. The 
seeds of pines and other conifers, for example, rest 
on the projecting scales of their cones. There is a 
reason for this configuration. Whereas flowering 
plants, which did not evolve until Cretaceous 
time, can attract insect and bird pollinators, most 
gymnosperms rely primarily on wind to carry 
their pollen from tree to tree. With the possible 
exception of the pine family, all of the modern 
conifer families were present in early Mesozoic 
time. The few modern species of the less familiar 
cycads are tropical trees that superficially resem- 
ble palms (Figure 2-17). Cycadeoids, which were 
similar in form and closely related to the cycads, 
are extinct. The trunks of these plants arc well 
known as early Mesozoic fossils. The single living 
species of ginkgo looks more like a hardwood tree 
(that is, like an oak or a maple) than a conifer, and, 
like hardwoods, it sheds its leaves seasonally. This 
surviving species of ginkgo is a true living fossil 
whose record extends back some 60 million years 
to the Paleocene Epoch (Figure 13-15), early in 
the Cenozoic Era. 

Cycads, cycadeoids, conifers, and ginkgos 
formed the forests of the Jurassic Period, but the 
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of Russia near the Ural Mountains. Significantly, 
the fossil records of these two regions tell the same 
story. Just below the Permian-Triassic boundary 
in both regions, most of the dozens of genera of 
Late Permian mammal-like reptiles disappeared 
suddenly from the fossil record, marking a major 
mass extinction. What remained at the start of 
Triassic time were a few predatory genera and the 
large herbivore Lystrosaurus, famous for its fossil 
occurrence on many of the now widely dispersed 
fragments of Gondwanaland (Figure 6-12). 


Four-Legged Animals Although the mammal- 
like reptiles rediversified during the Triassic Pe- 
riod to play an important ecologic role once more, 
they barely survived into the Jurassic Period. 
Nonetheless, they left an important legacy in the 
form of the true mammals, which evolved from 
them near the end of the Triassic Period. Mam- 
mals, which are endotherms with hair and which 
suckle their young, are the dominant large animals 
of modern terrestrial habitats, but they remained 
small and peripheral throughout the Mesozoic 
Era. Apparently no species grew larger than a 
house cat. Their problem seems to have been that 
the dinosaurs also evolved during the Late Trias- 
sic interval and quickly rose to dominance. (Mam- 
mals will be discussed at length in Chapter 14. The 
fossil record for mammals is better in the Cre- 
taceous System than in the Triassic or Jurassic.) 
Early dinosaurs’ larger size (Figure 13-17) 
may have given them an advantage over primitive 


codont that closely resembled the earliest dinosaurs. 
Thecodonts were the ancestors of dinosaurs. (Drawing 
by Gregory S. Paul.) 


cycads were so dominant that the Jurassic interval 
has been called the Age of Cycads. Ferns of the 
Jurassic Period were less conspicuous as under- 
growth than those of Triassic time. Both Triassic 
and Jurassic landscapes, however, would have 
looked more familiar to us than Paleozoic land- 
scapes, largely because ofthe presence of conifers 
that closely resembled modern evergreens (Fig- 
ure 13-16). Even so, the absence of flowering 
plants such as grasses and hardwood trees would 
have made Mesozoic floras appear strange to a 
modern observer. 


Terrestrial Animals: The Age 
of Dinosaurs Begins 


Unfortunately, local fossil records for land animals 
have been found to span the boundary between 
the Permian and Triassic systems in only two re- 
gions: the Karroo Basin of South Africa and an area 








FIGURE 13-17 Triassic animals of the genus Lagosu- 
chus intimidating an carly mammal of smaller body 
sizc. Lagosuchus, which was about 30 centimeters 

(~1 foot) tall, was either a primitive dinosaur or a the- 
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The dead animal is the rynchosaurian reptile Scaphonyx. 
Two small thecodonts of the genus Ornithosuchus are 
scampering off in the foreground. In the left foreground 
is the long-legged primitive crocodile Trialestes. (Draw- 
ing by Gregory S. Paul.) 


dile. The crocodiles, like the dinosaurs, evolved 
from thecodonts in Late Triassic time. 

Two other important groups, both of which 
are familiar in the modern world, also appear to 
have beeome established in Triassic time. One was 
the frogs, which were and remain amphibians of 
small body size. The oldest known fossil display- 
ing the form of a modern frog is of earliest Jurassic 
age (Figure 13-19), but froglike skeletons have 
also been found in Triassic rocks. The other mod- 
ern group was the turtles, although the earliest 
turtles lacked the ability to pull their heads and 
tails fully into their proteetive shells. 

By Late Triassic time, when mammal-like rep- 
tiles had declined in diversity, they lived along- 
side increasing numbers of dinosaurs, the still- 
diverse thecodonts, and other, mainly smaller 
amphibians and reptiles. A few kinds of large am- 
phibians persisted as well. The stage was thus set 
for the ascendancy of the dinosaurs to a dominant 
position for the remainder of the Mesozoic Era. 


The Rise of the Dinosaurs Unfortunately, the 
known fossil record of Early Jurassic time is too 
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FIGURE 13-18 Terrestrial life of Late Triassic time in 
Argentina. The plants are of the widespread genus Di- 
croidium. The largest animals depicted here are theco- 
donts of the genus Saurosuchus that were about 7 
meters (— 25 feet) long. Confronting them are three 
small, primitive dinosaurs of the genus Herrerasaurus. 


mammals. They inherited their locomotory ca- 
pacity from their ancestors, the thecodonts, which 
evolved during the Triassic Period. Some theco- 
donts were adapted for speedy two-legged run- 
ning in the fashion of ostriches and other flightless 
birds, but all thecodonts probably spent much 
time standing or walking on all fours. The upper 
portion of the legs of many thecodonts stood be- 
neath their bodies rather than sprawling slightly 
out tothe side asthey did in mammal-like reptiles. 
This feature, which facilitated running, was 
passed on to the dinosaurs and seems to have been 
a key to the dinosaurs' success. 

The first dinosaurs resembled bipedal theco- 
donts (that is, thecodonts that traveled on their 
hind legs), but the dinosaurs’ skulls were differ- 
ently formed and their teeth were more highly 
developed. Dinosaurs (formally termed Dino- 
sauria) did not become gigantic before the end of 
the Triassic, but during Triassic time they did 
reach lengths of more than 6 meters (~ 20 feet). 
Figure 13-18 displays a small species along with 
thecodonts that stood on all fours, large mammal- 
like reptiles, and a primitive long-legged croco- 
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FIGURE 13-20 Herbivorous dinosaurs from the 
Morrison Formation of Utah. A. Diplodocus, an animal 
that stretched to a length of more than 26 meters (~ 87 
feet) from nose to tail. B. Stegosaurus, an armored herbi- 
vore with spikes on its tail. (Smithsonian Institution.) 


throughout the world during Late Jurassic time. 
Several of the common Morrison species are 
shown in Figures 13-20 and 13-21. 


Creatures That Took to the Air Late in the Trias- 
sic Period, vertebrate animals invaded the air for 
the first time as the pterosaurs came into being. 
These animals had long wings and hollow bones 
that served to facilitate flight. Some species had 
long tails as well (Figure 13-22). The structure of 
the pterosaur skeleton reveals that these reptiles 
were capable of flying, but the great length of the 
wings suggests that most species flapped their 
wings primarily when taking off and then, once 


FIGURE 13-19 A partly restored skeleton of a frog be- 
longing to the genus Vieraella from the Lower Jurassic 
Series of Argentina. This is one of the oldest true frogs 
known from the fossil record. (After R. Estes and O. A. 
Reig, in J. L. Vial [ed.], Evolutionary Biology of the Anu- 
rans, Columbia University Press, New York, 1973.) 


poor to permit us to piece together the details of 
the dinosaur’s great rise to dominance. Nonethe- 
less, fossil remains of huge dinosaurs even in 
Lower Jurassic rocks indicate that the dinosaurs 
evolved rapidly; the oldest dinosaur giants are 
found in Australia. 

Dinosaurs fall into two groups, which are 
characterized by different pelvic structures (Fig- 
ure 1-7). All of the *bird-hipped" (ornithischian) 
dinosaurs were herbivores, whereas the “‘lizard- 
hipped” (saurischian) group included both herbi- 
vores and carnivores. In both groups there were 
species that traveled on two legs and others that 
moved about on all fours. The largest of all the 
dinosaurs were the sauropods, lizard-hipped her- 
bivores that moved about on all fours. Some inter- 
esting aspects of dinosaur biology are presented in 
Box 13-1. 

By Late Jurassic time, both bird-hipped and 
lizard-hipped dinosaurs were quite diverse. The 
most spectacular Jurassic assemblage of fossil di- 
nosaurs in the world is found in the Upper Jurassic 
Morrison Formation, which extends from Mon- 
tana to New Mexico. At Como Bluff, Wyoming, 
dinosaur bones are so common that a local sheep 
herder constructed a cabin of them because they 
were the most readily available building materi- 
als! The dinosaurs of the Morrison Formation, 
which include more than a dozen genera, are rep- 
resentative of the kinds of dinosaurs that lived 
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FIGURE 13-21 Reconstruction of the dinosaur fauna 
of the Morrison Formation. Camarasaurus walks toward 
the right in the background; Diplodocus (Figure 
13-20A) is drinking water; at the right is Stegosaurus 
(Figure 13-208). Reclining on the left is Allosaurus, a 


large carnivorous dinosaur, about 6 to 7 meters (~ 20 to 
25 feet) long. In the foreground are dragonflies, ptero- 
saurs, turtles, and a crocodile. The trees are conifers. 
(Drawing by Gregory S. Paul.) 
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ancestry. Archaeopteryx lacks a breastbone and so 
is assumed to have possessed weak flying muscles. 
It was probably a clumsy flier by the standards of 
modern birds. Unfortunately, the hollow bones of 
birds are fragile, and no other bird bones have 
been found within the Jurassic System. There are 
unpublished reports of bird bones in Upper Trias- 
sic rocks. If verified, these finds would place the 





FIGURE 13-23 Fossil remains of Archaeopteryx litho- 
graphica, the oldest known bird, from the Upper Juras- 
sic Solnhófcn Limestone of Germany. This animal was 
about the size of a crow. The existence of a bird during 
Solnhófen deposition was first indicated by the discov- 
ery of a feather (A). The asymmetry of the feather sug- 
gests that it aided in flight; flightless living birds have 
feathers that are symmetrical about the central shaft. 
The bird itself was soon found, and impressions of long 
feathers are clearly visible around it in the fine-grained 
limestone (B). Despite the feathers, Archaeopteryx had 
a skeleton and teeth similar to those of dinosaurs. 

(A. J. H. Ostrom, Peabody Museum of Natural History, 
Yale. B. Walther-Arndt-Fonds, Fordererkreis der natur- 
wissenschaftlichen Museen Berlins e.V.) 
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FIGURE 13-22 The pterosaur, or "flying lizard,” Ptero- 
dactylus. This skeleton was preserved intact in the 
Solnhófen Limestone of Germany; it measures about 60 
centimeters (— 2 feet) long. Many of the bones are hol- 
low, like those of a bird. (Franz Hoeck, Bayerische 
Staatssammlung für Paläontologie und Geologie München.) 


ae 


airborne, soared on air currents without much 
flapping. The behavior of pterosaurs when not in 
flight has been widely debated. Most species ap- 
pear to have been able to walk and also to climb 
adeptly with the aid of their hooklike claws. 

The oldest known fossil birds are of Late Jur- 
assic age. The first clue to their existence was a 
feather discovered in 1861 in the fine-grained 
Solnhófen Limestone of Germany, followed a few 
months later by the discovery of an entire skeleton 
of the species to which the feather belonged (Fig- 
ure 13-23). This feathered animal was given the 
name Archaeopteryx, which means “ancient 
wing.” Archaeopteryx had a skeleton so much like 
that of a dinosaur that it would be regarded as one 
were it not for its plumage. This animal is a classic 
missing link — in this case, the link between birds 
and their flightless ancestors. The teeth, large tail, 
and clawed forelimbs of Archaeopteryx, which are 
absent from advanced birds, reflect its dinosaur 


Chapter 13 The Early Mesozoic Era 353 


EARLY 
TRIASSIC 


North Pole + a 
=a — 
۱ ۳ 
Siberian ۲۰۱ 7 i 






Tert Claraia SUM Ts] Triassic evaporttes 
FIGURE 13-24 World geography of Early Triassic 
time. The Euramerian flora occupied a broad, warm belt 
across the middle of Pangaea, and the Siberian and 
Gondwana floras occupied regions to the north and 
south. The bivalve mollusk genus Claraia (lower left) 
was broadly distributed along both the eastern and 
western borders of Pangaea. The widespread evaporites 
illustrated here represent the entire Triassic Period, 
which was relatively warm and dry even at high lati- 
tudes. (Modified from G. E. Drewry et al., Jour. Geol. 
82 a l= 553. 1974.) 


ranged over an enormous area (Figure 13-24) and 
is assumed to have occupied the seafloor even in 
deep water. On land, the large herbivorous ther- 
apsid Lystrosaurus ranged over large areas of the 
globe; Lystrosaurus has been found in the fossil 
records of several continents that represent frag- 
ments of Gondwanaland (Figure 6-12). It appears 
that at the start of the Triassic Period, few therap- 
sids preyed on Lystrosaurus, so its populations 


origin of birds much farther back in geologic time 
than is now believed. Archaeopteryx would then 
represent a primitive type of bird that happened 
to survive for a long interval of time. 


PALEOGEOGRAPHY 


About the time the Mesozoic Era began, all of the 
major landmasses of the world became united as 
the supercontinent Pangaea (Figure 13-24). Near 
the end of Triassic time, Pangaea began to break 
apart, but continental movement is so slow that 
even by the end of Jurassic time, the newly form- 
ing continental fragments were hardly separated. 
Thus, throughout the early Mesozoic Era, Earth's 
continental crust was concentrated on one side of 
the globe. Sea level rose slightly during Early 
Triassic time (see Major Events, p. 338). Asin Late 
Permian time, however, the bulk of the continen- 
tal crust during the Triassic Period stood above sea 
level, forming one vast continent. At the start of 
Triassic time, the Tethys, sometimes called the 
Tethyan Seaway, was an embayment of the deep 
sea projecting into the portion of equatorial 
Pangaea that today constitutes the Mediterra- 
nean. Later in Triassic and Jurassic time, rifting 
extended the Tethys between Eurasia and Africa 
and all the way westward between North and 
South America to the Pacific. 


Pangaea During the Triassic Period 


Although the dominant land plants of the Triassic 
Period differed from those of the Permian, the 
distributional pattern of floras on Pangaea re- 
mained much the same: a Gondwana flora existed 
in the south and a Siberian flora in the north (Fig- 
ure 13-24). The Euramerian flora grew under 
warmer, drier conditions at low latitudes; in fact, 
unusually extensive deposition of evaporites at- 
tests to the presence of arid climates far from the 
equator. This condition may have resulted in part 
from the sheer size of Pangaea, which was so large 
that many of its regions lay far from the low- 
standing oceans. 

The survival of only a small percentage of Per- 
mian species into the Triassic Period resulted in 
some striking biogeographic distributions. In the 
oceans, the scalloplike bivalve genus Claraia 
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Box 13-1 
Who Were the Dinosaurs? 


The skull crest of Parasauralophus, which was about one 
meter (~3 feet) long, probably served as a resonating 
chamber for trumpeting. (Royal Tyrrell Museum of Pale- 
ontology/Alberta Culture and Multiculturalism.) 


various duck-billed dinosaurs, for example, had a 
tall, crested skull, which may have functioned like 
the resonating chambers of a trumpet. Not only did 
many species of dinosaurs probably communicate 
by sound, but some of their well-preserved track- 
ways show that large groups of animals sometimes 
traveled together. 

It has long been known that dinosaurs laid 
eggs. Some of their eggs have remained in the cir- 
cular pattern in which they were carefully laid; 
often, however, several circles of eggs were bur- 
ied on top of one another. The eggs were tapered 
toward one end, which the mother thrust into the 
soil, and the babies hatched by breaking through 
the tops of the eggs. Nests of baby dinosaurs found 
in the Upper Cretacious of Montana — clusters 
of juvenile skeletons with broken eggshells in 
depressions — shows that the eggs were not aban- 
doned. Like living birds and crocodiles, dinosaurs 
cared for their young, which grew rapidly. Hav- 
ing hatched at a length of just a few inches, they 
reached about 1.5 meters (~5 feet) in length before 








A nest of fossil dinosaur eggs was found in the Cre- 
taceous of Montana. (Museum of the Rockies.) 


As researchers bring increasing knowledge and ex- 
perience to bear on their examination of dinosaur 
remains, many earlier notions of how these crea- 
tures looked and behaved are being debunked. It 
is now evident, for example, that not all dinosaurs 
were of massive proportions; many, in fact, were 
less than | meter (—3 feet) long. Moreover, while 
dinosaurs have often been portrayed as hulking, 
lumbering creatures, it is now known that many 
were as agile as ostriches, which are famous for 
their great speed. The orientations of dinosaur 
limbs in their sockets indicate that the legs were 
positioned almost vertically beneath the body, and 
fossil trackways of dinosaurs confirm that this pos- 
ture was typical. The left and right tracks are nearly 
in line, signifying that both feet were positioned al- 
most beneath the center of the body. Most fossil 
trackways also reveal long strides for the size of the 
individual tracks, suggesting that dinosaurs tended 
to move rapidly. 

Perhaps even more surprising, dinosaurs ap- 
pear to have been social animals. Each of the 
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This Maiosaura hatchling, about 50 
centimeters (20 inches) long, was 
found in a nest. (Museum of the 
Rockies.) 


reptiles, have little endurance (p. 314). Additional 
evidence derives from the fact that in communities 
of dinosaurs, predators usually made up less than 
10 percent of the volume of living species, as is the 
case for living and fossil mammal communities. In 
communities of ectothermic animals, predators 
commonly represent 40 percent or so of the volume 
of living tissue. Having low metabolisms, they need 
little food, and many can sustain themselves on 
small populations of prey animals. The low per- 
centage of predators in many dinosaur communi- 
ties argues for a closer resemblance to mammal 
communities than to reptile communities. The mi- 
croscopic structure of their bones has also been de- 
bated. Endothermic animals differ from ectothermic 
animals in bone structure, and it appears that the 
dinosaurs' bone structure was of the endothermic 
type. Finally, the rapid growth of juvenile dinosaurs 
points to a high metabolism. Modern reptiles grow 
more slowly than dinosaurs did. 

Whatever the details of dinosaurs' metabolism 
may have been, we at least recognize that even 
large dinosaurs were active, highly adapted animals 
rather than simple, lumbering beasts. For all we 
know, many dinosaurs might have fared well in the 
modern world had they been given the chance. The 
sudden extinction of the dinosaurs at the end of the 
Cretaceous Period appears to have been more of an 
unfortunate accident than an indication of biological 
inferiority. 





leaving the nest at the end of the warm season, per- 
haps only 3 or 4 months after hatching. 

An important question has been posed with re- 
gard to the largest dinosaurs: How did the rela- 
tively small jaws of these enormous animals chew 
up enough food to live on? The answer is that these 
giant herbivores used their mouths and jaws only 
for gathering and swallowing plant food. In the ani- 
mals’ intestinal tracts were “gizzard stones," like 
those of birds but much larger, which helped the 
animals grind up coarse material after they had 
swallowed it. 

The greatest controversy about dinosaurs, 
however, has related to their metabolism. Dino- 
saurs have traditionally been classified as reptiles, 
and it has thus been assumed that they were ecto- 
thermic (or cold-blooded). It has recently been 
argued, however, that dinosaurs were actually en- 
dothermic, or warm-blooded. The newer idea 
stems in part from evidence that dinosaurs were 
very active animals and in part from indications that 
they were more successful during the Mesozoic Era 
than were warm-blooded early mammals or the 
mammal-like reptiles, which had had a long evolu- 
tionary head start in the race for dominance on the 
land. The argument here is that dinosaurs could not 
have competed with mammals if they had not been 
capable of sustaining a high rate of activity for long 
intervals of time while hunting or fleeing from pred- 
ators. Ectothermic animals, including modern 
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FIGURE 13-25 Early Mesozoic evaporites. Evaporites 
accumulated during the early stages of rifting that 
formed the Atlantic Ocean as oceans overflowed inter- 
mittently into newly forming fault basins. (After 

K. Burke, Geology 3:613--616, 1975.) 


and South America, giving rise to the Gulf of Mex- 
ico. Early intermittent influxes of seawater into 
this rift, apparently from the Pacifie Ocean, 
caused great thicknesses of evaporites to aecumu- 
late. Today these evaporites, which are known as 
the Louann Salt, lie beneath the Gulf of Mexico 
and in the subsurface of Texas. Because its density 
is low, the Louann Salt has in some places pushed 
up through younger sediments to form salt domes 
(Figure 13-26), many of which are associated with 
valuable reservoirs of petroleum and sulfur. The 
rifting that forms the South Atlantic did not begin 
until Early Cretaceous time, when the reeord 
shows that salt deposits formed after seawater 
spilled inland from the south (Figure 13-25). 


The Jurassic World 


Although sea level underwent only minor changes 
during Late Triassie and Early Jurassic time, it 
subsequently rose, with minor oscillations, until 
Late Jurassic time. Then, very late in the Jurassic 
Period, it underwent more rapid oscillations but 
remained at a high level, causing epicontinental 
seas to flood large areas of North America and 
Europe late in Jurassic time (Figure 13-27). Long 
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were huge. As we saw earlier, the therapsids un- 
derwent renewed radiation during the Triassic 
Period, and partway through the period theco- 
donts and dinosaurs began their expansion. Even 
when these vertebrate groups radiated to high di- 
versities, most of their speeies were also wide- 
ranging. Many families of Triassic terrestrial ver- 
tebrates are found as fossils on several modern 
continents. In fact, it has been remarked that the 
Triassic is the only period whose fossil land verte- 
brates clearly indicate that all of Earth's eonti- 
nents were conneeted. 


The Breakup of Pangaea 


The most spectaeular geographic development of 
the Mesozoie Era was the fragmentation of 
Pangaea, an event that began in the Tethyan re- 
gion. As the Triassic Period progressed, the Teth- 
yan Seaway spread farther and farther inland, and 
cventually the craton began to rift apart. The 
Tethys subsequently beeame a deep, narrow arm 
of the ocean separating what is now southern Eu- 
rope from Africa. During the Jurassie Period, this 
rifting propagated westward, ultimately separat- 
ing North and South America. South America and 
Africa, however, did not separate to form the 
South Atlantic until the Cretaeeous Period; in 
fact, allofthe Gondwanaland continents remained 
attached to one another until Cretaceous time. 
North Americabegan to brcak away from Afriea in 
mid-Jurassic time. Interestingly, this rifting gen- 
erally followed the old Hereynian suture. Rifting 
occurred as some of the arms of a series of triple 
junctions joined, tearing Pangaea in two (Figure 
6-32). 

The rifting that formed the Atlantic had an- 
other important consequence. When continental 
fragmentation begins in an arid region near the 
ocean, evaporite deposits often form in that re- 
gion (p. 152). Thus, as rifting began in Pangaea, 
extension produced normal faults between Africa 
and the northern continents (Figure 13-25); zones 
bounded by such faults sank, and water from the 
Tethys to the east periodically spilled into the 
trough and evaporated. Evaporites that were pre- 
cipitated in this trough are now located on oppo- 
site sides of the Atlantic, both in Morocco and 
offshore from Nova Scotia and Newfoundland. 

During Middle and Late Jurassic time, one 
arm of rifting passed westward between North 
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FIGURE 13-26 Position of Juras- 
sic salt within the sediments be- 
neath the Gulf of Mexico. The salt 
deposits, which rise into domes in 
some places because of their low 
density, accumulated when the Gulf 
of Mexico began to form by con- 
tinental rifting. (Modifted from 

O. Wilhelm and M. Dwing, Geol. 
Soc. Amer. Mem. 83, 1972.) 
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FIGURE 13-27 Late Jurassic (Oxfordian) world geog- 
raphy. The three floras persisted from Triassic time. The 
Tethyan marine realm, which was characterized by 
tropical life, including reef corals, extended all the way 
from the eastern Pacific across the newly forming Medi- 
terranean and the newly forming Gulf of Mexico to thc 
western Pacific. The cooler Boreal realm lay to the north. 
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before the advent of plate-tectonic theory it was 
recognized that there were two biogeographic 
provinces of marine life in Europe during the Jur- 
assic Period: the southern provinee, which was 
centered in the Tethys and is designated the Teth- 
yan realm, and the northern province, which is 
labeled the Boreal realm. Figure 13-27 shows the 
positions of these provinces when sediments of 
the Oxfordian Stage were laid down at the time of 
maximum worldwide transgression for the Juras- 
sic Period. 

Coral reefs were largely restricted to the 
Tethyan realm, as were limestones and certain 
groups of mollusks. These observations suggest 
that the Tethyan was largely a tropical province. 
The transition from the Tethyan to the Boreal 
province resembled that which we see today from 
the tropical conditions of southern Florida, with 
its carbonates and coral reefs, to the subtropical 
conditions of northern Florida, where siliciclastic 
sediments prevail and reefs are lacking. 

There is no doubt that temperature gradients 
from equator to pole were gentle throughout the 
Jurassic Period. Plants that appear to have re- 
quired warmth (the Euramerian flora of Figure 
13-27) occupied a broad belt extending to about 


land, but it is debatable whether this was a true 
mass extinction. With the dawning of the Cre- 
taceous Era, however, animal life onthe land hada 
new aspect. The stegosaurian dinosaurs (Figures 
13-20B and 13-21) failed to make the transition, 
as did the larger sauropods (Figures 13-20A 
and 13-21). No herbivorous dinosaur of the 
Cretaceous Period was as large as the largest 
sauropods. 


REGIONAL EXAMPLES 


In viewing regional events of early Mesozoie age, 
we will first focus on depositional basins in eastern 
North America — struetures that illustrate events 
associated with the initial opening of the Atlantic 
Ocean. We will then examine the origin of the 
tectonic episodes that ultimately produced the 
mountains now standing in the American West. 


Atlantic Fault Basins 


During Early and Middle Triassic time, erosion 
subdued the Appalachian Mountains, which were 
centrally located in Pangaea. In Late Triassietime, 
long, narrow depositional basins bounded by 
faults developed on the gentle Appalachian 
terrain (Figure 13-28). These basinsformed when 
Pangaea was splintered by normal faults on either 
side ofthe great rift that began to divide the eonti- 
nent, forming the Atlantic Ocean (Figure 6-32). 
One of the largest of these basins extended from 
New York City to northern Virginia and received 
sediments known as the Newark Supergroup. 
Here, during a Late Triassic and Early Jurassic 
interval of subsidence, the nonmarine sediments 
of the Newark Supergroup accumulated to a 
thickness of nearly 6 kilometers (— 4 miles). Early 
Mesozoic basins resembling those of eastern 
North America are also found in Africa and South 
America, but these contain thick evaporite depos- 
its. It was in the early phase of rifting that water 
from the Tethys periodically spilled into these 
southern basins to form vast salt deposits (Figure 
13-25). 

The best locations for investigating the basin 
sediments are in the eastern United States. One 
particularly well-studied basin passed through 
present-day Connecticut and Massachusetts, 
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60° north latitude. Even the Gondwana flora to 
the south and the Siberian flora to the north in- 
cluded groups of ferns whose modern relatives 
cannot tolerate frost. The high-latitude floras do 
not seem to have been tropical, however; they 
contained few cycads, and modern cycads are re- 
stricted to warm regions (Figure 2-17). Thus it 
appears that the large landmass that began to frag- 
ment during the Jurassic Period was bathed in 
tropical climates well to the north and south of the 
equator, even though temperatures were some- 
what cooler toward the poles. 


Mass Extinctions 


The Triassic Period ended with one of the heaviest 
mass extinctions of all time. This crisis struck both 
on the land and in the sea. In the marine realm, 
about 20 percent of all families of animals suffered 
extinction. Conodonts and placodont reptiles 
(Figure 13-10) died out altogether. So did most 
species of bivalves, ammonoids, plesiosaurs (Fig- 
ure 13-12), and ichthyosaurs (Figure 1-13), al- 
though all of these groups recovered in Jurassic 
time. The terrestrial victims included most genera 
of mammal-like reptiles and large amphibians. 

The primary beneficiaries of the extinction on 
the land were the dinosaurs, which radiated rap- 
idly during the Jurassic and then continued to 
dominate terrestrial habitats throughout the re- 
mainder of the Mesozoic Era. It now seems evi- 
dent that there were two pulses of Late Triassic 
extinction on the land— one at the end of the 
Norian Age, the final stage of the period, and one 
at the end ofthe preceding Carnian Age. The tim- 
ing of extinction in the seas is less clear, but many 
genera died out during the final few million years 
of the Norian Age. The cause of the Late Triassic 
extinctions remains unknown. Perhaps it is signifi- 
cant that late in Norian time, conifers and other 
groups of gymnosperms replaced the Dicroidium 
flora, which had prevailed in lowland habitats of 
Gondwanaland since early in the Triassic Period. 
Some workers believe that this floral transition 
signaled a climatic change, but this change may 
have entailed an increase in aridity rather than a 
lowering of temperatures. 

In any event, the biosphere then remained 
relatively stable for millions of years. At the end of 
the Jurassic Period there was moderately heavy 
extinction of life both in the oceans and on the 
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Tethyan 
fracture zone 


from the sporadic westward spilling of seawater from 
the Tethyan Seaway, where the Mediterranean was 
forming as a result of Africa’s movement in relation to 
Europe. (After W. Manspeizer et al., Geol. Soc. Amer. 
Bull. 89:901-920, 1978.) 
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FIGURE 13-29 Cross sections of the large early Meso- 
zoic fault basin that passes through central Connecticut, 
where the Newark Supergroup was deposited (Figure 
13-28). A. The basin late in its depositional history, 
when great thicknesses of sediment had accumulated. 
As the basin subsided, lavas wclled up periodically, 
forming dikes and sills, and gravels from the uplands to 
the east spread into the basin as alluvial fans. B. The 
eventual destruction of the basin by extensive faulting. 
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FIGURE 13-28 Geologic features in eastern North 
America and nearby regions during Late Triassic and 
Early Jurassic time. In eastern North America, block 
faulting produced elongate depositional basins, most of 
which paralleled the enormous rift that eventually 
formed the Atlantic Ocean. Salt deposits accumulated 


bounded on the east by a large normal fault along 
which the basin subsided continually while sedi- 
ments accumulated from an eastern source area 
(Figure 13-29A). Several types of depositional 
environments existed within this basin. Coarse 
conglomerates that wedge out to the west accu- 
mulated on alluvial fans that spread from the east- 
ern fault margin. Many sand-sized sediments of 
the basin are stream deposits. The fact that most of 
these deposits are composed of red arkose sug- 
gests that deposition in this area was rapid, since 
apparently there was little time for feldspars to 
disintegrate to clay. Well-laminated mudstones 
floored the lakes in the basin center. Cycles now 
visible in the sediments reflect expansion and con- 
traction of the lakes, which for the most part must 
have been quite shallow. During some dry inter- 
vals, evaporite minerals were precipitated from 
the shrinking waters, but abundant fossil fish re- 
mains indicate that at other times the waters were 
hospitable to life. In fact, freshwater fishes under- 
went spectacular adaptive radiations in some of 
the larger lakes. These radiations resembled those 
that have occurred very recently in the great Afri- 
can lakes (Figure 5-13). It is interesting to note 
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FIGURE 13-30  Silicified logs that have weathered out 
of the Triassic Chinle Formation in thc Petrified Forest 
of Arizona. (Tom Bean.) 


zona (Figure 13-30). In southwest Utah the 
Chinle is overlain by the Wingate Sandstone, a 
desert dune deposit. Over it lies a river deposit 
called the Kayenta Formation, on top of which 
rests the Navajo Sandstone. The Navajo, also a 
desert dune deposit, ranges upward in the strati- 
graphic sequence from approximately the posi- 
tion of the Triassic-Jurassic boundary. The Navajo 
is famous for its large-scale cross-bedding in the 
neighborhood of Zion National Park (Figure 
Sane 

During Middle and Late Jurassic time, as sea 
level rose throughout the globe (Major Events, 
p. 338), waters from the Pacific Ocean spread far- 
ther inland in a series of four transgressions, each 
more extensive than the last. The first such trans- 
gression went no farther than British Columbia 
and northern Montana, but the last, which is 
known as the Sundance Sea, spread eastward to 
the Dakotas and southward to New Mexico (Fig- 
ure 13-31). Eventually, as mountain building pro- 
gressed along the Pacific coast in Late Jurassic 
time, the Sundance Sea retreated. 
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that these modern African lakes occupy rift val- 
leys much like those in which the Newark Super- 
group was deposited (Figure 6-31). 

Although dinosaur tracks are common in rocks 
representing lake margins, conditions in the 
basins seldom favored the preservation of dino- 
saur skeletons, except in eastern Canada where a 
number of bones have been found. Some of the 
ancient soils in the basin that extends through 
Connecticut and Massachusetts contain caliche 
nodules, indicating that the climate here was 
warm and seasonally arid (Figure 3-1). Appar- 
ently bones decayed rapidly under these condi- 
tions, so that relatively few were preserved as 
fossils. | 

Periodically mafic magmas welled up through 
faults, forming dikes and widespread sills within 
the basin. One ofthelargest of these sills forms the 
Palisades along the Hudson River near New York 
City. At least some of the North American basins 
continued to subside until Early Jurassic time, 
when deposition ended with a final episode of 
faulting. After this time, the basins apparently 
moved so far westward along with the North 
American plate that they were “fo longer affected 
by the mid-Atlantic rifting. T.e fact that some of 
the basins are located severa! hundred kilometers 
from the present margin of North America (Figure 
13-28) indicates how extensive the fracturing of a 
large continent can be; in most such instances, 
many small breaks and ruptures occur rather than 
a clean separation from sea to sea. 


Western North America 


Throughout the Triassic Period, much of the 
American West was the site of nonmarine deposi- 
tion. Shallow seas expanded and contracted along 
the margin of the craton but for the most part 
remained west of Colorado. During Middle and 
Late Triassic time, western North America was 
especially free of marine influencc. 


Terrestrial and Marine Environments As in the 
Permian Period, the climate here remained 
largely arid. At times, however, there was suffi- 
cient moisture to permit the growth oflarge trees 
belonging to the Euramerian flora. The series of 
river and lake sediments in Utah and Arizona that 
are collectively known as the Chinle Formation, 
for example, erodes spectacularly in some places 
to reveal the well-known Petrified Forest of Ari- 
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FIGURE 13-32 Exotic terranes in western North 
America (outlined in heavy colored lines). Early in the 
Triassic Period, the Sonomia and the Golconda terranes 
were sutured to the Roberts Mountains terrane. In Late 
Jurassic time a large composite terrane was sutured to 
Canada. It consisted of the Stikine terrane, the Cache 
Creek terrane, and the so-called Eastern assemblages. 
All these terranes had been united during the Triassic 
Period before colliding with North America. (Adapted 
from J, B. Saleeby, Ann. Rev. Earth and Planet. Sci. 
15:45 - 73, 1983.) 
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FIGURE 13-31 Geologic features of western North 
America during Late Jurassic (Oxfordian) time, when 
the Sundance Sea flooded a large interior region from 
southern Canada to northern Arizona and New Mexico. 
In mid-Triassic time, the western margin of the conti- 
nent had ridden up against a subduction zone. As a re- 
sult, during the Jurassic Period, a belt of igneous activity 
extended for hundreds of kilometers parallel to the Pa- 
cific coast. At this time, thrust faulting was largely lim- 
ited to the state of Nevada. 


Subduction and the Accretion of New Terranes 
During the Mesozoic Era, the western margin of 
North America expanded by the addition of nu- 
merous island arc terranes and other microplates 
(Figure 13-32), in a manner analogous to the addi- 
tion ofexotic terranes to eastern North America in 
Paleozoic time, during episodes of mountain 
building in the Appalachian region (p. 175). 

This mode of continental accretion actually 
began earlier. Recall that the Antler orogeny of 
Devonian and Early Carboniferous time entailed 
the collision of the Klamath island arc with the 
western margin of North America (Figure 11-33). 
This event added a sliver of exotic terrane, the 
Roberts Mountains terrane, to the western margin 
of North America (Figure 11-32). 


America during the Mesozoic Era resembled the 
growth of the Andes to the south, which has con- 
tinued to the present day (p. 161). 

Subduction of the oceanic plate beneath the 
margin of North America thickened the continen- 
tal crust by leading to the accumulation of intru- 
sive and extrusive igneous rocks. The oldest intru- 
sives of the Sierra Nevada Mountains were 
emplaced during Jurassic time (Figure 13-34); 
larger volumes were added later in the Mesozoic 
Era. 

The Mesozoic history of the Pacific coast of 
North America is highly complex. At times more 
than one subduction zone lay offshore, and exotic 
slivers of crust were added to the continental mar- 
gin. Near the end of the Jurassic Period the conti- 
nent accreted westward when the Franciscan se- 
quence of deep-water sediments and volcanics 
was forced against the craton along a subduction 
zone after having been metamorphosed at high 
pressures and low temperatures. The Franeiscan 
sediments inelude graywaekes and dark mud- 
stones, together with smaller amounts of chert and 
limestone. 

Before becoming attached to North America, 
the Franciscan sequence constituted an accre- 
tionary wedge, whose sediments were deformed 
and mctamorphosed along the subduction zone at 
high pressures and relatively low temperatures; 
they represent a mélange (Figure 6-36). When 





FIGURE 13-34 The Sierra Nevada Mountains at Yo- 
semite National Park, California. Many of the granitic 
rocks that formed the Sierra Nevada were emplaced 
during the Jurassic Period. (Peter Kresan.) 
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In late Paleozoic time, after the Antler episode 
of accretion, the Golconda arc approached the Pa- 
cific margin of North America. Early in the Trias- 
sic Period this arc collided with the North Ameri- 
can continent, just as the Klamath arc had done in 
the earlier Antler orogeny. The suturing of the 
Golconda arc, during what is known as the Son- 
oma orogeny, differed from the Antler orogeny in 
one important way, however: Rather than adding 
a narrow slice of island arc terrane to North Amer- 
ica, it attached a broad microcontinent, known as 
Sonomia (Figure 13-33). Today Sonomia consti- 
tutes southeastern Oregon and northern Cali- 
fornia and Nevada (Figure 13-32). Squeezed in 
between Sonomia and the Roberts Mountains 
terrane was the Golconda terrane, formed largely 
of the accretionary wedge associated with the 
Golconda arc (Figure 13-33). 

After the Sonoma orogeny ended, early in the 
Triassic Period, there was a brief interlude of tec- 
tonic quiescence along the west coast of North 
America. Then, in mid-Triassic time, the conti- 
nental margin once again came to rest against a 
subduction zone and began an orogenic episode 
that extended from Alaska all the way to Chile. 
Mountain building along the Pacific coast of North 
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FIGURE 13-33 The accretion of Sonomia and the Gol. 
conda terrane to the western margin of North America. 
The eastern portion of the microcontinent of Sonomia 
was formed by the eruptions of an island arc. The Gol- 
conda terrane formed from an accretionary wedge that 
was squeezed between Sonomia and North America as 
the western margin of North America became wedged 
against the island arc that bordered Sonomia. (Figure 
13-32 shows the location of Sonomia and the Golconda 
terrane in North America today.) 
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the continental margin eventually collided with 
the accretionary wedge, the Franciscan rocks 
were piled up against the continent, along with 
the Great Valley sequence of deep-sea turbidites, 
which accumulated in the forearc basin (Figure 
13-35). This Late Jurassic event approximately 
coincided with eastward folding and thrusting 
from the Sierra Nevada uplift. These tectonic 
events of Jurassic age are collectively known as 
the Nevadan orogeny. Orogenic activity that is 
related to the Nevadan orogeny, although it is not 
generally assigned this name, continued well into 
the Cretaceous Period. 

Farther north, from northern Washington 
State to southern Alaska, a large exotic terrane 
collided with the margin of North America, re- 
sulting in substantial westward accretion. This ex- 
otic terrane was actually a composite block, 
formed of several smaller terranes (Figure 13-32). 
These smaller terranes include quite different 
suites of Paleozoic rocks and fossils, indicating 
that the terranes were once separate entities. On 
the other hand, the terrancs share rock units of 
Triassic age, an indication that they were a sin- 
gle unit during the Triassic Period. The entire 







FIGURE 13-35 Block diagram depicting the Pacific 
margin of northern California in Jurassic time. The 
Franciscan mélange formed an accretionary wedge 
along the marginal subduction zone (see Figure 6-36). 
The Great Valley ophiolite was a zone of seafloor that 
was squeezed up along the eastern margin of the accre- 
tionary wedge, and the Great Valley sequence formed in 
Late Jurassic time as turbidites on deep-sea fans and in 
adjacent environments. The photograph shows turbi- 
dites that now lie along the western margin of the Sacra- 
mento Valley in California, where they have been tilted 
to a high angle by tectonic activity. The accretion of the 
Franciscan and Great Valley terranes to the continental 
margin during Late Jurassic and Cretaceous time ex- 
tended North America westward (Figure 13-32). Today 
the Great Valley sequence still occupies a low region, 
the Central Valley of California, which consists of the 
Sacramento Valley in the north and the San Joachin Val- 
ley in the south. West of the Central Valley, portions of 
the Franciscan mélange have been elevated as part of 
the Coast Ranges. (Adapted from R. K. Suchecki, Jour. 
Sedim. Petrol. 54:170— 191, 1984.) 
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FIGURE 13-37 


Excavation of dinosaur fossils in the 
Morrison Formation. These are partly intact skeletons 
that remain imbedded in the rock at Dinosaur National 
Monument, Utah. (Dinosaur Nature Association.) 


What remained in Colorado, Wyoming, and 
adjacent regions was a nonmarine foreland basin 
in which molasse deposits accumulated. Appar- 
ently, on the gentle profile of the foreland basin, 
even the lowest depositional environments were 
above sea level, because there was no initial depo- 
sition of marine flysch. The molassc of the fore- 
land basin was deposited in rivers, lakes, and 
swamps, creating the famous Morrison Forma- 
tion, which has yielded the world’s most spectac- 
ular dinosaur faunas (Figure 13-37; see also Fig- 
ures 13-20 and 13-21). The dinosaur skeletons in 
this formation are usually disarticulated, but often 
as many as 50 or 60 individuals are found together 
in one small area, an indication that these fossils 
may have accumulated during floods. 

The Morrison Formation consists of sand- 
stones and multicolored mudstones deposited 
over an area of about 1 million square kilometers. 
Caliche soil deposits indicate that the climate was 
seasonally dry during at least part of the Morrison 
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composite terrane was then accreted to North 
America late in Jurassic time, along the subduc- 
tion zone that bordered the continent. 


Deposition of a Foreland Basin To the south, in 
the western United States, the eastward thrusting 
and folding of Late Jurassic time greatly altered 
patterns of deposition as far east as Colorado and 
Wyoming. The Sundance Sea spread over a broad 
foreland basin east of the mountains. This repre- 
sented the most extensive marine incursion since 
late Paleozoic time (Figure 13-31). In latest Juras- 
sic time, however, the folding and thrust faulting 
that extended over Nevada, Utah, and Idaho pro- 
duced a large mountain chain. The elevation of the 
land and the shedding of clastics eastward from 
the mountains drove back the waters of the Sun- 
dance Sea, leaving only a small inland sea to the 
north (Figure 13-36). 
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FIGURE 13-36 Geologic features of western North 
America during latest Jurassic time. A fold-and-thrust 
belt now extended for hundreds of kilometers roughly 
parallel to the coastline but far inland. Tectonic activity 
had driven the Sundance Sea from the western interior, 
leaving a foreland basin where the nonmarine Morrison 
Formation accumulated. 
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7 The Sundance Sea invaded western North 
America during the Jurassic Period but was ex- 
pelled by uplifting and sediment influx associated 
with the Nevadan orogeny. Dinosaur fossils are 
abundantly preserved in the molasse sediments 
that were then deposited in the vicinity of Utah. 


EXERCISES 


1 What important groups of Paleozoic marine an- 
imals were absent from Triassic seas? 


2 What two kinds of flying vertebrates evolved 
during early Mesozoic time? 


3 How did reefs formed by hexacorals during the 
Jurassic Period differ from those formed during 
Triassic time? 


4 What suggests that dinosaurs had relatively ad- 
vanced behavior of the sort that might explain 
their evolutionary success? 


5 What was the geographic setting in which the 
most spectacular known assemblage of Jurassic 
dinosaurs was preserved? 


6 In what areas is there evidence that oceans 
started to form in Triassic and Jurassic time? 
What is that evidence? 


7 What plate-tectonic change might explain the 
eastward migration of the zone of igneous ac- 
tivity in western North America during the Jur- 
assic Period? 


8 By what mechanism did western North America 
expand westward during early Mesozoic time? 
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depositional interval, while the scarcity of croco- 
| diles, turtles, and fishes suggests that many of the 
! lakes may have been saline at this time. The dino- 
saurs are found in deposits representing all of the 
Morrison environments—rivers, lakes, and 
| swamps. This broad environmental distribution 

suggests that none of the species— not even the 
huge sauropods (Figure 13-20A) — was adapted 
| specifically for a life of wading in large bodies of 
| water. The Morrison Formation spans the last 10 
| million years or so of the Jurassic Period and is 
overlain by the nonmarine Cloverly Formation of 
| Early Cretaceous age, which contains a com- 
pletely different fauna of dinosaurs, apparently 
| because of major extinctions at the end of the Jur- 
| assic Period. 


CHAPTER SUMMARY 


1 Triassic and Jurassic seas lacked important Pa- 
leozoic groups such as fusulinid foraminifera, ru- 
gose corals, and trilobites. Important groups of 
marine life that were present during this time in- 
cluded bivalve gastropods, ammonoid mollusks, 
brachiopods, sea urchins, hexacorals, bony fishes, 
sharks, and swimming reptiles. 


2 Gymnosperms were the dominant group of 
plants in Triassic and Jurassic landscapes. 


3 Although mammals originated in Triassic time, 
dinosaurs were much more successful than mam- 
mals during the Mesozoic Era. Flying reptiles 
evolved in the Triassic Period, and birds emerged 
in Jurassic time. 


4 A mass extinction that was less severe than the 
terminal Permian event marked the end of the 
Triassic Period, and moderately heavy extinction 
occurred at the end of Jurassic time. 


5 Very early in the Triassic Period, nearly all of 
Earth’s continental crust was consolidated in the 
supercontinent Pangaea, and even at the end of 
Jurassic time, all of the continents remained close 
together. Evaporites mark zones where Pangaea 
began to rift apart early in the Mesozoic Era. 


6 Fault-block basins that formed in eastern North 
America received thick deposits of sediment dur- 
ing the rifting episode that eventually formed the 
Atlantic Ocean between this continent and Africa. 
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The Cretaceous World 


ever, the Atlantic Ocean had widened and Gond- 
wanaland had fragmented into most of its daugh- 
ter continents. 

The Cretaceous System was first described 
formally in 1822. For many years before that, 
however, Cretaceous rocks had been recognized 
as constituting a stratigraphic interval distinct 
from the Jurassic rocks below and the sediments 
above, now labeled Cenozoic. The name Cre- 
taceous derives from creta, the Latin word for 
chalk, which is a soft, fine-grained kind of lime- 
stone that accumulated over broad areas of the 
Late Cretaceous seafloor. 
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MAJOR EVENTS OF THE CRETACEOUS PERIOD 


Total extinction 
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modern planktonic groups, diatoms and foraminifera, di- 
vcrsified at the same time. Teleost fishes originated in 
mid-Cretaceous time and radiated along with two ear- 
nivorous groups that had originated earlier in the Meso- 
zoic Era: the crabs and the predatory snails. In 
mid-Cretaceous time, rudist bivalves became the domi- 
nant builders of organic reefs, but they died out at the 
close of the Cretaceous Period along with numerous 
other groups, including the swimming reptiles and the 
dinosaurs. 
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Gondwanaland fragmented during Cretaceous time, 
forming the South Atlantic Ocean. On the land, while 
dinosaurs continued to reign in the animal world, flow- 
ering plants (angiosperms) expanded at the expense of 
gymnosperms. Sea level rose throughout most of the pe- 
riod, and when it stood high in Late Cretaceous time, 
plates of calcareous nannoplankton rained down on the 
seafloor, producing widespread chalk deposits. The Late 
Cretaceous adaptive radiation of calcareous nannoplank- 
ton yielded the chalk-producing species, and two other 
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FIGURE 14-1 


Early planktonic foraminifcra (Globi- 
gcrinacea). Cretaceous stages are shown at the left. 
These species average about 4 millimeter (4 inch) in 
diameter. (After A. Boersma.) 


LIFE 


Life of the Cretaceous Period, both in the seas and 
on land, was a curious mixture of modern and ar- 
chaic forms. In the marine realm, strikingly mod- 
ern types of bivalve and gastropod mollusks popu- 
lated Late Cretaceous seas along with enormous 
coiled oysters and other now-extinct sedentary 
bivalves. Diverse fishes of the modern kind occu- 
pied the same waters as a variety of ammonoids, 
belemnoids, and reptilian sea monsters — none of 
which have any close living relatives. On the land, 
floras changed from the Mesozoic type, which 
were dominated by gymnosperms, to the modern 
type, in which flowering plants predominate. 
Many groups of vertebrate animals that are still 
extant also evolved at this time: snakes and mod- 
ern types of turtles, lizards, crocodiles, and sala- 
manders. Dinosaurs, however, continued to rule 
the terrestrial ecosystem. Of all the modern 
groups of terrestrial vertebrates present during 
Cretaceous time, only the crocodiles approached 
the dinosaurs in bodily proportions. Mammals re- 
mained very small by modern standards. 


Pelagic Life 


The appearance of new groups of single-celled 
organisms gave marine plankton a thoroughly 
modern character by the end of Cretaceous time. 
The primary change among the phytoplankton 
was the evolutionary expansion of the diatoms. 
Diatoms may have existed during the Jurassic Pe- 
riod, but they did not radiate extensively until 
mid-Cretaceous time. Together with dinoflagel- 
lates and, in warm seas, calcareous nannoplankton 
(Figure 13-5), diatoms must have accounted for 
most of the photosynthesis that occurred in the 
Cretaceous seas, as they do today (p. 43). Today, 
as we have seen (p. 75), diatoms are the dominant 
contributors to the siliceous oozes of the deep sea, 
and their accumulation in deep-sea sediment was 
well under way before the end of the Cretaceous 
Period. 

Higher in the pelagic food web, the modern 
planktonic foraminifera diversified greatly for the 
first time. This group, known as the globigerina- 
ceans, has a meager fossil record in Jurassic rocks; 
not until the upper part of the Lower Cretaceous 
System isit well enough represented to be of great 
value in biostratigraphy (Figure 14-1). 
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FIGURE 14-3 Reconstruction of the Late Cretaceous 
shallow sea represented by fossil faunas at Coon Creek, 
Tennessee. A large coiled ammonoid rests on the sea- 
floor, surrounded by numerous swimming and feeding 
members of the straight-shelled ammonoid genus Bacu- 
lites (see also Figure 14-4). (Field Museum of Natural 
History, Chicago.) 


group of marine and freshwater fishes. Teleosts 
are characterized by such features as symmetrical 
tails, round scales, specialized fins, and short jaws 
that are often adapted to take particular kinds of 
food. By Late Cretaceous time, a wide variety of 
teleosts already existed, including the largest spe- 
cies known from the fossil record (Figure 14-5). 
This group also included close relatives of the 
modern sunfish, carp, and eel, as well as members 
ofthe families that include salmon, pompanos, and 
the vicious South American piranha. Similarly, 
Cretaceous sharks resembled present-day forms; 
in fact, all of the living families of sharks had 
evolved by the end of the Cretaceous Period. 
Most ofthe top carnivores of Cretaceous pela- 
gic habitats, however, were not at all modern. 
Whereas whales of one kind or another have occu- 
pied the “top carnivore” adaptive zone during 
most ofthe Cenozoic Era, reptiles were the largest 
marine carnivores until the end of Cretaceous 
time. Ichthyosaurs and marine crocodiles were 
rare by this time, but plesiosaurs still thrived, 
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FIGURE 14-2 Plates of calcareous nannoplankton that 
represent the genera Cribrosphaerella (A, X9750) and 
Deflandrins (B, X 7000). (M. Black.) 


Late Cretaceous adaptive radiations of two of 
the single-celled planktonic groups altered depo- 
sitional patterns in the pelagic realm: Since mid- 
Cretaceous time, both the globigerinacean fora- 
minifera and the calcareous nannoplankton have 
contributed vast quantities of calcareous sediment 
to oceanic areas, whereas before about 100 mil- 
lion years ago, little or no calcareous ooze was 
present on the deep seafloor. 

During Late Cretaceous time calcareous nanno- 
plankton were so abundant in warm seas that the 
small plates that armored their cells accumulated 
in huge volumes as the fine-grained limestone 
commonly known as chalk (Figure 14-2). Cre- 
taceous chalk is, in fact, widely used for writing 
on blackboards. The most famous chalk deposits 
in the world crop out along the southeastern coast 
of England, where they are known formally as 
the Chalk (p. 366). Similar but less massive chalks 
formed in shallow seas in Kansas and nearby 
regions and along the Gulf Coast of the United 
States. Why calcareous nannoplankton were so 
productive in the Cretaceous Period is uncertain, 
but never before or since have they yielded chalk 
deposits of such great extent or thickness. 

Still higher in the pelagic food web of Late 
Cretaceous time, the ammonoids and belemnoids 
persisted as major swimming carnivores (Figure 
14-3). The ammonoids serve as valuable index 
fossils for the Cretaceous System, just as they do 
for the Triassic and Jurassic. Among the Cre- 
taceous ammonoids were many species with 
straight, cone-shaped shells and others with 
strangely coiled shells (Figure 14-4). 

New on the scene in Cretaceous time were the 
teleost fishes, a subclass that is today the dominant 
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FIGURE 14-4 Cretaceous ammo- 
noids. ۸۰ Tragodesnoceras (—X 1) 
(rear and side views). B. Nostoceras, a 
strangely coiled form (~X 1). C. Bacu- 
lites, a straight-shelled form, shown in 
the reconstruction depicted in Figure 
14-3. The specimen on the left is an 
internal filling that shows the complex 
folded septa, or partitions, within the 
shell (—X 1). (U.S. Geological Survey.) 





some exceeding 10 meters (~ 35 feet) in length. Cretaceous seas; some grew to be longer than 15 
Plesiosaurs are depicted in Figure 14-6 along with meters (~ 45 to 50 feet). Although there is direct 
other members of the Late Cretaceous pelagic ^ evidence that mosasaurs attacked ammonoids 
community of the western interior of the United (Figure 14-7), the reptiles’ pointed teeth were not 
States. Huge marine lizards known as mosasaurs well adapted for crushing shells, so ammonoids 
were probably the most formidable marauders of ^ probably did not form a major part of their diet. 
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FIGURE 14-5 Xiphactinus, a Cretaceous fish. At about here died with a good-sized fish in its belly. (Smith- 
5 meters (~ 16 feet) in length, this is the largest known sonian Institution.) 
teleost. A careful look will reveal that the animal shown 
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FIGURE 14-8 The Late Cretaceous diving bird 
Hesperornis and marine turtle Archelon. (A) The wings 
of this flightless animal had been almost entirely lost, 
but large, paddlelike feet were present, as were teeth 
for catching fish. Hesperornis was about 1.2 meters 

(~ 4 feet) long. (B) This animal reached a length of al- 
most 4 meters (~ 12 feet). (Smithsonian Institution.) 


Foraminifera A large percentage of the families 
of bottom-dwelling foraminifera in existence 
today appeared during the Cretaceous Period, so 
that this group had a modern aspect (Figure 
14-9). 


FIGURE 14-7 A Late Cretaceous ammonoid that was 
bitten by a mosasaur. This fossil, which was collected ín 
South Dakota, displays 16 distinct bites. (University of 
Michígan.) 


backward-directed teeth for catching slippery 
fishes. The marine turtle Archelon (Figure 14-8B) 
grew to a length of nearly 4 meters (~ 12 feet). 


Seafloor Life 


Lífe on the seafloor began to take on a modern 
appearance duríng the Cretaceous Period. One 
noteworthy feature was the decline of the bra- 
chiopods, which had suffered greatly in the mass 
extinction at the end of the Paleozoic Era but had 
experienced a moderate expansion again early in 
Mesozoic time. Certaín other groups of seafloor 
life that had been successful in the Jurassic Period 
continued to hold their own duríng Cretaceous 
time. Among them were the sea urchíns and the 
hexacorals, which diversífied but underwent no 
startling adaptive changes. Still other major 
groups retained many of their Jurassic families 
and genera but also produced new representa- 
tives that have survived to the present. Some of 
them are described below. 








FIGURE 14-11 Burrowing bivalves of Cretaceous age. 
Like similar living animals, they obtained food and oxy- 
gen from water currents. A. Scabrotrigonia (X 0.7) 
lacked siphons for channeling their water currents. B 
and C. Panope (X 0.7) and Aphrodina (X 1) possessed 
fleshy, tubelike siphons; the deflection of the line of 
musele attachment within the shell allowed the siphons 
to be withdrawn. D. The fossils are all shown in living 
orientations in the line drawing. (Smithsonian Institution.) 
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FIGURE 14-9 New genera of bottom-dwelling fora- 
minifera of Cretaceous age. A. Anomalinoides (X 68). 
B. Pleurostomella (X 48). C. Siphogenerinoides (X 46). 
(H. Tappan.) 


Bryozoans Themost common modern bryozoans 
are the cheilostomes, which typically encrust ma- 
rine surfaces, including the hulls of boats, in the 
form of low-growing mats. Cheilostomes origi- 
nated in Jurassic time but did not enjoy success 
until the Late Cretaceous, when they expanded to 
include more than 100 genera (Figure 14-10). 
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FIGURE 14-10 Rhiniopora, a genus of Cretaceous 
cheilostome bryozoans that grew over the substratum 
as a crust (X 25). A colony consisted of many intercon- 
nected individuals, each of which emerged from a small 
opening to feed. (E. Voigt.) 
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FIGURE 14-13 Cretaceous bivalve mollusks that lived 
on the surface of sediment. A. Inoceramus, a giant ani- 
mal that was nearly 1 meter (~3 feet) long; some mem- 
bers of this species measuring more than half again this 
size are found in Kansas. B. Exogyra, a coiled oyster 
(X0.5). (A. Sternberg Memorial Museum, Fort Hays State 
University. B. Smithsonian Institution.) 


corals, forming large tropical reefs. Despite their 
success during the Cretaceous Period, the rudists 
did not survive into the Mesozoic Era. 

Before their demise the rudists apparently 
flourished at the expense of reef-building corals. 
Shallow-water reefs built in Early Cretaceous 
time, like those built during the Jurassic Period 





FIGURE 14-12 Cretaceous snails 
of the carnivorous neogastropod 
group. The opening of the neogas- 
tropod shell is extended to house a 
long siphon that senses the direc- 
tion of prey. A. Morea (X 2). B. Buc- 
cinopsis (X1.5). C. Ornopsis (X 2). 
(U.S. Geological Survey.) 


Burrowing Bivalve Mollusks Early Cretaceous 
burrowing bivalves resemble those of the Jurassic, 
but by the end of the period new genera had ap- 
peared as well, including many that pumped 
water in and out of their shells through fleshy si- 
phons (Figure 14-11). 


Gastropod Mollusks, or Snails During the Cre- 
taceous Period the aptly named Neogastropoda, 
or “new snails,” produced many modern families 
and genera. Unlike most earlier snails, these ani- 
mals are generally carnivorous, feeding on such 
prey as worms, bivalves, and other snails. Some 
live in the sediment, others on the sediment sur- 
face. Many modern seashells popular with col- 
lectors belong to neogastropod species (Figure 
14-12). 


Crabs A more or less modern type of crab had 
evolved during the Jurassic Period, but even more 
modern groups appeared during the Cretaceous 
Period. 


Surface-dwelling Bivalve Mollusks Among bi- 
valve mollusks living on the surface of the sub- 
stratum, for example, coiled oysters and other 
groups that had existed during Jurassic time 
evolved species of enormous size (Figures 14-13 
and 14-14). Of these large forms the rudists were 
of special significance because they lived like 


crushing or peeling with their claws, and some of 
the gastropods by drilling holes. 

The contrast between Paleozoic and Mesozoic 
predation on the seafloor is exemplified by the 
absence during Paleozoic time of large arthropods 
with crushing claws and by the virtual absence of 
holes drilled by predators in fossilized Paleozoic 
brachiopods and bivalve shells. 

The decline of the brachiopods and the 
stalked crinoids, both of which were moderately 
well represented in early Mesozoic seas, can 
probably be attributed to the diversification of 
modern predators. The few species of stalked 
crinoids that survive today live in deep water; in 
shallow waters, predation by fishes is probably too 
severe to permit their existence. Similarly, more 
species of brachiopods today live in temperate 
seas than in tropical seas, where predation by 
crabs, fishes, and snails is severe. By the end of the 
Mesozoic Era, relatively few immobile species of 
animals lived on the surface of the seafloor in the 
mode typical of many groups of Paleozoic bra- 
chiopods (Figure 10-13). The ability to swim or to 
burrow actively appears to have been the best 
defense against predation, except for species that 
had defensive spines or unusually heavy protec- 
tive shells. 


Flowering Plants Conquer the Land 


The greatest change in terrestrial ecosystems dur- 
ing the Cretaceous Period was the ascendancy of 
the flowering plants (angiosperms), although 
gymnosperm floras resembling those of Triassic 
and Jurassic age continued to dominate the land 
well into Cretaceous time. The most conspicuous 
change during Early Cretaceous time was in the 
types of gymnosperms that predominated: Coni- 
fers became the most numerous species, and the 
Age of Cycads came to aclose. This development, 
too, was short-lived. About 100 million years ago, 
midway through the Cretaceous Period, the first 
angiosperms made their appearance on Earth, and 
during Late Cretaceous time they surpassed the 
conifers in diversity. Today there are some 
200,000 species of flowering plants, including 
many types of grasses, weeds, wildflowers, and 
hardwood trees. In contrast, there are only about 
550 modern conifer species, although some, in- 
cluding pines, firs, and spruces, are conspicuous in 
the modern landscape. The success of the flower- 
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FIGURE 14-14 Reef building rudist bivalves. This is a 
polished slab of latest Cretaceous reef limestone from 
Jamaica that displays cross-sections of small rudists 
(average diameter ~5 centimeters [2 inches]). 


(E. G. Kauffman and C. C. Johnson.) 


and in the modern world, were formed primarily 
by hexaeorals and coralline algae. In mid- 
Cretaceous time, however, rudist bivalves as- 
sumed the dominant role in tropical reef growth. 
Rudists were mollusks with a eone-shaped lower 
shell and a lidlike upper shell (Figure 14-14). 
These curious animals attached themselves to 
hard objects (often other rudists) and grew up- 
ward, some reaching heights of more than 1 
meter. Nearly all shallow-water reefs of Late Cre- 
taceous age are dominated by rudists, which seem 
to have defeated the corals temporarily in compe- 
tition for space. Most likely the rudists, like reef- 
building corals, grew rapidly by feeding on symbi- 
otic algae that lived and multiplied in their tissues 
(Box 2-1). Only after the end of the Cretaceous 
Period, when rudists, like dinosaurs, became ex- 
tinct, did corals prevail on reefs once more. 


The Rise of Modern Marine Predators 


Many of the general changes that occurred in 
bottom-dwelling marine life during Jurassic and 
Cretaceous time seem to have been related to the 
great expansion of modern types of marine preda- 
tors. Among the new predators were the advanced 
teleost fishes (Figure 14-5), modern kinds of 
crabs, and carnivorous gastropods (Figure 14-12). 
Many of these new predators were efficient at 
penetrating shells: fishes by biting, crabs by 
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today includes birches and alders — that to a mod- 
ern observer lacking a detailed knowledge of 
botany, forests of latest Cretaceous time would 
look relatively familiar (Figure 14-15). The open, 
unforested areas, however, would look quite 
strange; missing altogether would be grasses— 
the kind of vegetation that now characterizes 
meadows, prairies, and savannahs. 

An early phase of the adaptive radiation of 
flowering plants is documented by fossils of the 
Atlantic Coastal Plain in Maryland. Here, within a 
sedimentary interval representing only about 10 
million years of mid-Cretaceous time, both fossil 
leaves and fossil pollen increase in variety and in 
complexity of form (Figure 14-16). The early 
leaves have simple, smooth outlines, and their 
supporting veins branch in irregular patterns. 
Later leaves include varieties with many marginal 
lobes and veins that follow more regular geomet- 
ric patterns. Probably the more regular patterns 
gave the leaves greater strength to withstand 
tearing. 


Secrets of Success The reasons why angiosperms 
diversified during the Late Cretaceous while 
gymnosperms declined are quite evident. One 
great advantage of the flowering plants is their 
ability to provide a food supply for their seeds. By 
a process known as double fertilization, one fertil- 
ization event producesa seed within the ovary and 
a second fertilization event, also within the ovary, 
produces a supply of stored food for the seed: The 
nutritional part of a kernel of corn or a grain of 
wheat is an example. The rapid manufacture of 
this food supply allows for the quick release of a 
well-fortified seed. Because gymnosperms lack 
this double-fertilization mechanism, it takes much 
longer for the parent plants to supply their seeds 
with enough food to enable the progeny to survive 
on their own. As aresult, most gymnosperms have 
reproductive cycles of 18 months or longer. In 
contrast, thousands of species of flowering plants 
grow from a seed and then release seeds of their 
own in just a few weeks. Rapid colonization has 
been one of the secrets of the ecologic success of 
the flowering plants. This trait may have given 
flowering plants their initial foothold on Earth. It 
appears that most early species lived in unstable 
habitats, such as the margins of rivers, where 
the ability to colonize rapidly is a special advan- 
tage: These species were ecologic opportunists 
(p. 28). 


ing plants is one of the most fascinating chapters in 
the history of life. As we will see, this story in- 
cludes several important episodes, some of which 
unfolded during the Cretaceous Period; others 
took place during Cenozoic time. 

The term flowering plant can be misleading, 
because not all so-called flowering plants have 
showy flowers; all of them do, however, possess 
the kinds of reproductive structures that are 
found within showy flowers. The key reproduc- 
tive feature that distinguishes angiosperms from 
gymnosperms (naked-seed plants) is the enclo- 
sure of the seed. 


The Earliest Floras Of some 500 living families 
of flowering plants, only about 50 are now be- 
lieved to be represented by Upper Cretaceous 
fossils. Some of these surviving Cretaceous groups 
are so common — among them are the sycamore 
trees (Platanus), the hollies, the palm trees, the 
oak family, the walnut family, and the family that 





FIGURE 14-15 A fossil of a Cretaeeous member of the 
flowering plant group that is very similar to speeies of 
the modern world. The leaf represents Platanus, the 
genus of modern sycamores. (Smithsonian Institution.) 
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and variety of form through time. (After J. A. Doyle and 
L. J. Hickey, in C. B. Beck [ed.], Origin and Early Evolu- 
tion of the Angiosperms, Columbia University Press, New 
York, 1976.) 


larly, new kinds of plants create feeding opportu- 
nities for new species of insects. This reciprocity 
has apparently accelerated rates of speciation in 
both flowering plants and insects. High rates of 
speciation have permitted the frequent develop- 
ment of new adaptations. Thus the symbiotic (mu- 
tually beneficial) relationship between flowering 
plants and insects has played a major role in the 
great success of both groups since mid- 
Cretaceous times. 


Large Dinosaurs and Small Mammals 


Owing to a patchy fossil record, Early Cretaceous 
vertebrate faunas are not well known, but various 
new kinds of dinosaurs are represented; these ap- 
pear to be precursors of the Late Cretaceous di- 
nosaurs that are well known from deposits of Wy- 
oming, Montana, Alberta, and Asia. 
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FIGURE 14-16 The pattern of initial adaptive radia- 
tion of flowering plants. These fossil leaves and pollen 
are found in formations (Patuxent through Raritan) of 
the Cretaceous Potomac Group of Maryland. Both pol- 
len (left) and leaves exhibit an increase in complexity 


A second reproductive mechanism of flower- 
ing plants that has contributed enormously to 
their success is the flowers’ attraction of insects. 
Insects beneht from the nutritious nectar that the 
flowers provide, and the flowers benefit because 
the insects unknowingly carry pollen from one 
flower to another, fertilizing the plants on which 
they feed. This attraction is often specialized: A 
particular kind of insect feeds upon a particular 
kind of plant, providing a unique mechanism for 
speciation. If a flower of a new shape, color, or 
scent develops within a small population of plants, 
the flower may attract a different kind of insect 
than the one that visited its ancestors. The plants 
with the new kind of flower will thus be reproduc- 
tively isolated from their ancestral species; in 
other words, the new forms will become a new 
species. In general, new kinds of insects create 
opportunities for the development of new species 
of plants (with new kinds of flowers); and simi- 
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FIGURE 14-19 Albertosaurus, a carnivorous dinosaur 
that lived during Late Cretaceous time. This animal, 
which stood about 4.2 meters (~ 14 feet) tall, was typi- 
cal of large carnivorous dinosaurs in that its small fore- 
limbs apparently were not used for grasping prey; 
instead, the enormous jaws must have served this 
function. (Royal Tyrrell Museum/Alberta Culture and 
Multiculturalism.) 


tation (Figure 14-18). Sharing the Late Cre- 
taceous plains with these herbivores were 
fearsome predators, including the largest carnivo- 
rous land animals of all time, Albertosaurus (Fig- 
ure 14-19) and Tyrannosaurus. Here, too, were 
terrestrial crocodiles (Figure 14-20) that grew to 
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FIGURE 14-20 Head of a hugc terrestrial crocodile, 
Phobosuchus, which probably fed on Late Cretaceous 
dinosaurs of small and medium size. The length of the 
head equaled the height of a large man. (British Museum 
of Natural History.) 
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FIGURE 14-17 The Late Cretaceous duck-billed dino- 
saur Edmontosaurus. Duck-billed dinosaurs of many 

species lived together in the American West. (Smithson- 
ian Institution.) 


In the American West, dinosaurs formed a 
community that has been compared with the 
modern mammal faunas of the African plains. In- 
stead of antelopes, zebras, and wildebeests, there 
were many species of duck-billed dinosaurs (Fig- 
ure 14-17). These fast-running herbivores proba- 
bly traveled in herds and may have trumpeted 
signals to one another by passing air through com- 
plex chambers in their skulls (see Box 13-1). In 
place of rhinoceroses, there were horned dino- 
saurs with beaks and teeth for cutting harsh vege- 





FIGURE 14-18 The Late Cretaceous horned dinosaur 
Triceratops. This rhinolike genus appears to have been 
the last of the dinosaurs to disappear, having survived to 
the very end of the Cretaceous Period. (Smithsonian 
Institution.) 
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carnivore to the right of center is Tyrannosaurus; it con- 
fronts horned dinosaurs of the genus Chasmosaurus, 
with the large head shields, and Monoclonius, with the 
long horn. Passing overhead in the foreground are ptero- 
saurs (flying reptiles) of the genus Quetzalcoatlus. The 
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FIGURE 14-21 Reconstruction of a Late Cretaceous 
fauna of Alberta. On the left is the armored herbivorous 
dinosaur Edmontonia in front of the duck-billed herbi- 
vore Kritosaurus. The duck-billed herbivores to their 
right belong to the genus Corythosaurus. The ferocious 
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not come about until the Cenozoic Era; all Cre- 
taceous snakes were of the primitive group that 
includes the present-day boa constrictors and 
pythons. 

Anothcr Cretaceous vertebrate group with an 
especially bright future was the mammals, which 
differ from reptiles in maintaining their body tem- 
perature at a nearly constant level. Their fur is an 
adaptation associated with this condition: It serves 
as insulation. In addition, nearly all mammals also 
give birth to live young, which they nurse. Stages 
in the evolution of the skeleton during the evolu- 
tion of early mammals are shown in Figure 14-22. 
Despite having evolved as early as mid-Triassic 
time, mammals remained quite small in body size 
throughout the Mesozoic Era. As Box 14-1 ex- 
plains, only after the dinosaurs disappeared did 
the mammals diversify markedly to develop the 
wide variety of adaptations that are so familiar to 
us today. 


PALEOGEOGRAPHY 


Because the Cretaceous System has undergone 
less metamorphism and erosion than older geo- 
logic systems, it is represented on modern conti- 
nents by an extensive record of shallow marine 
and nonmarine sediments and fossils. In addition, 
Cretaceous sediments and fossils are widespread 
in the deep sea, in contrast to the sparse deep-sea 
records for the Triassic and Jurassic periods; this 
difference reflects the fact that movements of 
plates across Earth's surface are rapid enough so 
that a large percentage of deep-sea sediments 
older than the Cretaceous System have by now 
been swallowed up along subduction zones. The 
relative abundance of Cretaceous sediments in 
the ocean basins and on the continents helps us to 
interpret paleogeographic patterns and global 
events of the period. Additional information is 
drawn from the Upper Cretaceous fossil reeord of 
flowering plants. As we saw in Chapter 2, these 
organisms are particularly sensitive to climatie 
conditions. 


Sea Level, Climates, and Ocean Circulation 


In the course ofthe Cretaceous Period there wasa 
global rise of sea level, with only minor interrup- 
tions (Major Events, p. 368). Asa result, sea level 
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the remarkable length of 15 meters (— 45 to 50 
feet). Huge predatory dinosaurs of all types were 
typically represented by far fewer species and in- 
dividuals than the herbivorous dinosaurs; pre- 
sumably these predators played an eeologic role 
resembling that of modern African lions and 
hyenas, which are also much less numerous than 
their hoofed prey. 

A general evolutionary trend toward large 
body size is evident in the Upper Cretaceous fossil 
record ofthe Ameriean West: Not only among the 
carnivorous group but also among the duckbills 
and horned dinosaurs, the species of largest body 
size were some of the last to evolve. Along with 
these giants, however, smaller species remained, 
so that there was a large variety of species toward 
the end of the period. 

The skies above the plains where the di- 
nosaurs roamed were populated — perhaps 
sparsely — by the two groups offlying vertebrates 
that had evolved earlier in the Mesozoic: the birds 
and the flying reptiles (Figure 14-21). Most ofthe 
Cretaceous birds were probably wading birds and 
shorebirds that lived like modern herons and 
cranes; there were no songbirds of the kind that 
surround ustoday. Flyingreptiles were among the 
most spectaeular of all Cretaceous animals. While 
they may have relied heavily on passive transport, 
soaring on the wind, it appears that many, if not 
all, species at times flapped their wings in flight. 
The largest known species, represented by fossils 
from the uppermost Cretaceous of Texas, is esti- 
mated to have had a wingspan of atleast 11 meters 
(— 35 feet). Members of this species, like modern 
vultures, may have soared through the sky in 
search of carrion in the form of dinosaur carcasses, 
to which their size would have been appropriately 
scaled. 

Living a less conspicuous existence on the 
ground were several groups of verebrate animals 
with a future: amphibians (frogs and salamanders), 
reptiles (snakes, lizards, and turtles), and mam- 
mals. Frogs and salamanders, you will recall, had 
been present since the Jurassic Period, and by the 
end of the Cretaceous, some of their modern fam- 
ilies had evolved. Lizards and turtles were present 
even earlier in the Mesozoic Era, and by the time 
the Cretaceous Period drew to a close, many of 
their modern families had come into being. 

Snakes are a younger group. These limbless 
reptiles did not originate until the Cretaceous Pe- 
riod, and their great evolutionary expansion did 


FIGURE 14-22 Stages in the evolu- 
tion of mammals from mammal-like 
reptiles. Among the most important 
changes were the evolution of more 
highly differentiated, specialized 
teeth; enlargement of the brain; mod- 
ification of jawbones into ear bones; 
and reduction of the number of 
bones forming the jaw to one, the 
dentary (shown in color). (R. E. Sloan.) 
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FIGURE 14-23 Widesprcad occurrence of black shales 
and muds of Aptian and Albian age on modern conti- 
ncnts and continental shelves. (After A. G. Fischer and 
M. A. Arthur, Soc. Econ. Paleont. and Mineral. Spec. Publ. 
No. 25:19-50, 1977.) 


stood perhaps as high throughout most of the Late 
Cretaceous as at any other time in the Phanero- 
zoic history of Earth, and continents were exten- 
sively blanketed by marine deposits. 

During the Cretaceous Period, temperatures 
changed in different ways in different places, but 
both oxygen isotopes and fossil plant occurrences 
suggest that climates grew generally warmer dur- 
ing the first part of the period; at the end of Early 
Cretaceous time, about 100 million years ago, the 
average temperature on Earth reached a level 
perhaps higher than it has ever been since. Tem- 
peratures then generally declined during Late 
Cretaceous time. 

During the middle part of the Cretaceous Pe- 
riod, there were intervals when black muds cov- 
ered large areas of shallow seafloor (Figure 
14-23). A connection seems to exist between 
global temperature, water circulation, and the 
presence or absence of black muds in the sedi- 
mentary record. These muds are known to form 
where bottom waters are depleted of oxygen. It 
appears that extensive black muds of this kind ac- 
cumulated in shallow seas when unusually poor 
circulation within ocean basins led to the stagna- 
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Box 14-1 
The Meek Did Inherit the Earth 
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Purgatorius was about the size of a rat. 


appear in infancy and the adult teeth that replace 
them. Finally, the earliest mammals had rear feet 
that were adapted for grasping; this characteristic 
points to a life of tree climbing. 

Although mammals remained small and rela- 
tively inconspicuous until the end of the Cretaceous, 
they did diversify to a degree. The first herbivorous 
forms, which evolved during the Jurassic Period, 
had gnawing teeth like those of modern rodents. By 
Late Cretaceous time, the two large modern groups 
of mammals were present. These were the placental 
forms, which include most modern species, and the 
marsupials, which carry their young in pouches and 
are the dominant group in Australia today (p. 118). 

Among the small Cretaceous mammals was the 
genus Purgatorius. This animal would have had no 
special interest for a human observer during its life- 
time, but from our modern perspective it had great 
significance. Purgatorius belonged to a group of 
animals that was ancestral to modern primates, in- 
cluding humans, and some workers even assign this 
group to the primate order. When a mass extinc- 
tion at the end of the Cretaceous Period swept away 
the dinosaurs, many small mammals were fortunate 
enough to survive. Among them was Purgatorius, 
whose fossil remains are found in very early Ceno- 
zoic deposits. With the oppressive dinosaurs gone, 
the surviving mammals proliferated in a spectacular 
adaptive radiation, which produced the great di- 
versity of mammals in the modern world. Had the 
group of ratlike animals to which Purgatorius be- 
longed died out with the dinosaurs, we humans 
would never have evolved. 


Workers who opened a quarry at Stonesfield, En- 
gland, in 1822 soon discovered a one-ton dinosaur 
and a tiny mammal in Jurassic strata. These early 
fossil discoveries told the most important story 
about Mesozoic terrestrial vertebrates that could 
not swim or fly: Huge dinosaurs ruled Earth, and 
no mammal grew larger than a modern domestic 
cat. The great success of the mammals would come 
only after the dinosaurs had vanished. 

The oldest known mammals are of Late Trias- 
sic age. The bones that formed the joint between 
the jaw and the skull establish their identity. Differ- 
ent bones form this joint in mammal-like reptiles. 
With bodies only about 15 centimeters (6 inches) 
long and pointed snouts, the earliest mammals re- 
sembled modern shrews. Their fossil remains re- 
veal a remarkable amount about their mode of life. 
Their pointed, cutting teeth show that they were 
carnivorous, and their small size would have re- 
stricted them to a diet made up largely of insects. 
Their mouth structure indicates that they were en- 
dothermic: They had a secondary palate, the bony 
structure that in all mammals separates the na- 
sal air passages from the mouth so that they can 
breathe while they eat. Endothermy entails such a 
high metabolic rate that breathing cannot be in- 
terrupted for long. Reptiles, in contrast, can sus- 
pend breathing temporarily during their meals. 
Fossil skulls reveal that the brains of the earliest 
mammals were large for their overall size, and that 
large regions of the brain were associated with 
hearing and smell. The fact that these senses are 
particularly useful after dark suggests that these 
small creatures were nocturnal, avoiding the much 
larger dinosaurs, which presumably were active in 
daylight. Early mammals appear also to have suck- 
led their young, as modern mammals do. Here the 
pattern of tooth development is the evidence. Lower 
vertebrates have functional teeth early in life, and 
many species replace worn or lost teeth more than 
once. Mammals, in contrast, do not have functional 
teeth for quite some time, because early in life their 
only food is their mother's milk. Because mammals 
do not need teeth until long after birth, they gener- 
ally have only two sets of teeth, the baby teeth that 
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sive black muds were deposited when polar re- 
gions were too warm for oxygen-rich surface 
waters to descend and spread toward the equator. 
Thus the widespread accumulation of black muds 
provides still more evidence that the middle por- 
tion of the Cretaceous Period was a particularly 
warm interval; not even the waters of the deep sea 
were cold. 


New Continents and Oceans 


Although Pangaea had begun to break apart early 
in the Mesozoic Era, the smaller continents that 
had formed from the supercontinent remained 
tightly clustered at the beginning of the Cre- 
taceous Period. The continued fragmentation of 
Pangaea and the dispersion of its daughter conti- 
nents were among the most important develop- 
ments in global geography during Cretaceous 
time. Especially dramatic was the breakup of 
Gondwanaland, two stages of which are shown in 
Figures 14-25 and 14-26. At the start of the Cre- 
taceous Period, Gondwanaland, still intact, was 
barely attached to the northern continent. By the 
end of the pertód; South America, Africa, and 
peninsular India had all become discrete entities; 
of the present-day continents that represent frag- 
ments of Gondwanaland, only Antarctica and Aus- 
tralia remained attached to each other. 


Widespread Evaporites The fragmentation and 
separation of continents during Cretaceous time 
caused new oceans to form and narrow oceans to 
widen. Most notable were the Early Cretaceous 
openings of the South Atlantic, the Gulf of Mex- 
ico, and the Caribbean Sea. As we have seen, evap- 
orites had formed during the Jurassic Period, 
when marine waters spilled into the rifts that later 
widened to form the Gulf of Mexico and South 
Atlantic (Figure 13-25). Early in the Cretaceous 
Period, these basins were connected with the rest 
of the world's oceans, but the connections were 
narrow, and evaporites accumulated along the 
basin margins in the restricted bodies of water that 
resulted (Figure 14-25). 

In fact, evaporites were deposited over alarge 
portion of the Early Cretaceous globe (Figure 
14-25), a condition that reflected the warm, eq- 
uable climates of the interval. These climates 
also permitted the growth of coral reefs as far as 
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FIGURE 14-24 Expansions of the low-oxygen layer in 
the ocean at a time when the deep sea is warm. At times 
like the present, when cold water at the poles is sinking 
to the deep sea, it supplies deep waters with oxygen, so 
that the low-oxygen layer is relatively thin (A). When 
polar waters are warmer and thus are of low density, 
they do not sink, so they fail to supply oxygen to the 
deep sea. Under these conditions, the warm waters 
below the depth of wave activity are relatively stagnant 
and the low-oxygen layer thickens, extending even 

into some epicontinental seas (B). (Modified from 

A. G. Fischer and M. A. Arthur, Soc. Econ. Paleont. 

and Mineral. Spec. Publ. No. 25:19-50, 1977.) 


tion of much of the water column. As Figure 14-24 
indicates, these waters may at times have spilled 
over from oceanic areas into shallow seas, leading 
to the epicontinental deposition of black muds. At 
other times in Earth’s history, including the 
present, cold waters in polar regions have sunk to 
the deep sea and spread along the seafloor toward 
the equator, carrying with them oxygen from the 
atmosphere (p. 40). The light color of the sedi- 
ments that represent these intervals in cores that 
have been taken from the deep seafloor indicates 
the presence of oxygen during deposition. Exten- 
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are two genera of marine bivalves that inhabited cool 
seas both north and south of the Tethyan realm. (Partly 
after A. G. Smith and J. C. Briden, Mesozoic and Ceno- 
zoic Paleocontinental Maps, Cambridge University Press, 
Cambridge, England, 1977, and G. E. Drewry et al., Jour. 
Geol. 82:531—553, 1974.) 


fully tropical Tethyan region included reef- 
forming corals and rudists. As in Jurassic time, the 
Tethys was an essentially tropical belt where car- 
bonate deposition prevailed. During Late Jurassic 
time, however, only shallow Tethyan seas con- 
nected Caribbean waters with those of the Pacific 
(Figure 13-27); during the Cretaceous Period, the 
separation of North and South America provideda 
deep oceanic passage for these waters (Figures 
14-25 and 14-26). 

As in the Jurassic Period, the largely nontropi- 
cal Boreal realm lay to the north of the tropical 
Tethys. Several genera of marine bivalves were 
largely restricted to the Boreal realm and to an 
equivalent high-latitude region in the Southern 
Hemisphere. Apparently they were intolerant of 
the warm temperatures of the Tethyan realm 
(Figure 14-26). 


South 
Pole 
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FIGURE 14-25 Global geography during Early Cre- 
taceous time. Gondwanaland was beginning to break 
apart, but North America, Greenland, and Eurasia re- 
mained connected to one another. Climates were warm, 
and evaporites accumulated even far to the north and 
south of the tropical Tethyan realm. Buchia and Arctotis 


30° from the equator. Further evidence of warm 
temperatures at high latitudes is the presence of 
fossil leaves of breadfruit trees in Cretaeeous de- 
posits of Greenland (Figure 14-27); similarly, 
warm-adapted plant species are found in the 
fossil record of northern Alaska. Latitudinal tem- 
perature gradients were so gentle that the trade- 
wind belts probably extended farther north and 
south ofthe equator than they do today, resulting 
in the widespread accumulation of evaporites as 
their dry air swept over the land (p. 35). 


Seaways and the Distribution of Life A dominant 
feature of the Cretaceous world was the great 
Tethys Seaway, where the trade winds drove sur- 
face waters westward without obstruction by 
large landmasses. Animals largely confined to the 
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stood hígher in relation to most land areas than ít had 





FIGURE 14-27 A fossil breadfruit leaf (A) from the and a modern breadfruit leaf (B). (A. The Swedish Natu- 
Cretaceous System of Greenland, a continent that was ral History Museum. B. Gerry Ellis/Wildlife Collection.) 
much warmer during Cretaceous time than it is today, 
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FIGURE 14-28 The opening of the North Atlantic 
during the Cretaceous Period. As North America and 
Africa moved apart, the Mid-Atlantic Rift was propa- 
gated northward along two branches, leaving Greenland 
as a separate landmass between North America and Eur- 
asia. (After J. G. Sclater et al., Jour. Geol. 85:509~552, 
1977.) 
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ing mosasaurs, plesiosaurs, and giant turtles 
(Figure 14-6). At the base of the food web, the 
calcareous nannoplankton declined to such an ex- 
tent that they produced a much smaller total vol- 
ume of chalk during the Cenozoic Era than they 
had during Late Cretaceous time. Most species of 
planktonic foraminifera also died out, and on the 
seafloor many groups of mollusks disappeared, in- 
cluding the reef-building rudists (Figure 14-14). 
The extinction of the rudists, like earlier extinc- 
tions of the Phanerozoic Eon, exemplified the fra- 
gility of reef ecosystems in general (see Box 2-1). 

Discoveries during the past few years have 
intensified interest in the extinction that ended 
the Cretaceous Period. They have convinced 
many geologists that the extinction resulted from 
the cataclysmic collision of Earth with one or more 
large extraterrestrial objects. 
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Early in Cretaceous time the Arctic Ocean re- 
mained largely isolated from the Atlantic and sup- 
ported a distinct marine fauna. Its isolation ended 
later in the period, when an important episode of 
continental rifting split the huge landmass of the 
Northern Hemisphere into North America, 
Greenland, and Eurasia (Figure 14-28). 

It was not only rifting that connected the At- 
lantic and Arctic oceans during Late Cretaceous 
time. The progressive elevation of sea level that 
characterized most of the Late:Cretaceous Period 
formed a narrow seaway that spread from the Gulf 
of Mexico all the way across Alaska to the Arctic 
Ocean (Figure 14-26). Later we will examine pat- 
terns of deposition within this great body of water, 
known as the Cretaceous Interior Seaway. 


Greenhouse Warming? Intensification of the 
greenhouse effect is perhaps the simplest mecha- 
nism that can be invoked to explain the remark- 
able warming of global climates during the middle 


portion of the Cretaceous Period. Volcanic activ 


ity is one of the primary sources of carbon dioxide 
in the atmosphere, and it happens that there was a 
massive outpouring of lava beneath the western 
Pacific Ocean during the middle portion of the 
Cretaceous Period, between about 125 and 80 
million years ago. Rates of seafloor spreading 
were very high during this interval, and a large 
volume of oceanic crust was formed (see Figure 
6-27). It appears likely that this major episode of 
volcanic activity released a relatively large vol- 
ume of carbon dioxide to the atmosphere, 
strengthening the greenhouse effect and warming 
climates all over the world. What reversed the 
trend toward the end of the Cretaceous remains 
uncertain. 


The Terminal Cretaceous Extinction 


The Mesozoic Era eame to a dramatic end with a 
mass extinction that was quite sudden on a geo- 
logic scale of time. Many forms of life that had 
played major ecologic roles for tens of millions of 
years disappeared. The most prominent in the 
minds of modern humans were the dinosaurs, but 
many other important groups of animals and 
plants died out as well. Flowering plants, which 
now dominated most terrestrial landscapes, suf- 
fered heavy losses. In the ocean, ammonoids dis- 
appeared, as did reptilian “sea monsters," includ- 
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that forms the worldwide anomaly. Unfortu- 
nately, the chemical composition of comets re- 
mains unknown, because these extraterrestrial 
bodies consist largely of frozen elements that va- 
porize when they strike Earth. Thus it is unknown 
whether comets, like meteorites, contain an un- 
usually large concentration of iridium. To avoid 
specifying whether it was a meteorite or comet 
that may have brought the Mesozoic Era to a close, 
many geologists have employed the term bolide to 
designate the extraterrestrial object in question. 
A bolide may be either a meteorite or a comet. 

Other geologists suggested a second hypothe- 
sis for the widespread iridium anomaly at the top 
of the Cretaceous System: a massive episode of 
volcanic activity. This was a reasonable suggestion 
because iridium is more abundant in Earth’s as- 
thenosphere than in its lithosphere, and many 
large volcanoes erupt lava that contains material 
from the asthenosphere. Furthermore, there was 
a massive eruption of lava in southern India very 
close to the end of the Cretaceous Period. None- 
theless, two additional kinds of evidence favor the 
idea that the source for the widespread iridium 
anomaly was extraterrestrial. Each is a type of 
grain that can form only under very intense pres- 
sure, such as the pressure that results when a large 
extraterrestrial body collides with Earth. 

The first kind of grain displays groups of paral- 
lel welded factures that formed under enormous 
pressure (Figure 14-30). Geologists have recently 
found these "shocked" grains in many parts of the 


4 
x J 


FIGURE 14-30 Shocked quartz grain from uppermost 
Cretaceous deposits in Montana, showing sets of planar 
lamellae. (Glen A. Izett, U.S, Geological Survey.) 





An Extraterrestrial Cause? In 1981 a team of 
workers led by the physicist Luis Alvarez and his 
son Walter, a geologist, discovered an abnormally 
high concentration of the element iridium pre- 
cisely at the level of the Cretaceous - Paleogene 
boundary in the stratigraphic section at Gubbio, 
Italy (Figure 14-29). Soon a comparable “iridium 
anomaly" was found at the same stratigraphic 
level in many other regions of the world. Since 
iridium is very rare on Earth but fairly abundant in 
meteorites, the Alvarez team advanced the hy- 
pothesis that a large meteorite struck Earth at the 
end of the Cretaceous, producing a great explo- 
sion that dispersed dust relatively rich in iridium 
high into the atmosphere. The dust from such an 
explosion would have spread around the globe 
and then settled to produce a layer of iridium-rich 
sediment in nearly all depositional environments. 
On a geologic scale of time, these events would 
have been instantaneous. 

A meteorite of average composition would 
have had to be about 10 kilometers (6 miles) in 
diameter to produce the total amount of iridium 
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FIGURE 14-29 The band of clay at the Cretaceous- 
Cenozoic boundary near Gubbio, Italy. The concentra- 
tion of the rare element iridium is about 30 times higher 
in this clay than in sediments above and below. A rich 
assemblage of calcareous nannoplankton is present 
below the clay, but the assemblage above is sparse. 


(W. Alvarez.) 





landing would plunge through the water column 
and penetrate the lithosphere. Here are some 
consequences that many scientists have predieted 
for a bolide 10 kilometers in diameter: 


1 Perpetual night Dust particles would blow high 
into the atmosphere, spread around the world, 
and screen out nearly all sunlight. Mueh of the 
dust would remain aloft for several months, pre- 
venting plants from condueting photosynthesis. 


2 Months of global refrigeration By darkening 
Earth, the atmospheric dust would plunge the en- 
tire planet into cold, wintery weather for several 
months. 


3 Delayed greenhouse warming A bolide that 
landed in the ocean would send into the atmo- 
sphere not only small solid particles but also vast 
quantities of water vapor, which would remain 
long after the dust had settled. Not only would 
global cooling then come to an end, but the water 
vapor would trap solar radiation, thereby intensi- 
fying the greenhouse effeet (p. 31). In other 
words, life might have been subjeeted first to a 
severe cold snap and then to abnormal warmth. 


4 Acid rain The huge amount of energy released 
by the impaet of a large bolide would cause oxy- 
gen and nitrogen in the atmosphere to combine 
chemically to produce oxides of nitrogen. When 
combined with water in the atmosphere, these 
oxides would produee acid rain. Acid rain might 
have been so severe and widespread as to cause 
the extinetion of some species. 


5 Wildfires Partieles of soot have been found at 
the level of the iridium anomaly in some areas of 
the world. They may be the products of wildfires 
that raged aeross terrestrial environments, having 
been ignited by a great fireball at the site of the 
impact. Soot is present in many Cretaceous sedi- 
ments, however, and it is possible that the soot at 
the top of the Cretaceous System is simply the 
produet of normal wildfires caused by lightning. 


In eontemplating the consequences of a large 
bolide impact, scientists have gained new insights 
into global disturbances in general. For example, 
the idea that atmospheric dust would refrigerate 
the world after an impact led to the conclusion 
that a large-scale nuclear war would produce a 
nuclear winter. The dust and soot from explosions 
and fires caused by nuclear explosions would 
darken and cool the planet, causing massive death 
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world at the level of the iridium anomaly. They 
occur at sites where meteorites are known to have 
formed craters but have never been found at the 
sites of massive volcanic eruptions. 

The second kind of grain is a microspher- 
ule," a nearly spherical grain that resembles win- 
dow glass in its molecular structure (Figure 
14-31). This means that it is largely unerystal- 
lized: It cooled so rapidly after having been lique- 
fied that its chemical elements failed to assemble 
into a consistent geometric pattern. Microspher- 
ules, like shocked grains, occur where meteorites 
are known to have struck Earth. They formed 
when droplets of rock, liquefied by the enormous 
heat generated during the impact, were thrown 
into the atmosphere, where they cooled very 
quickly. 

Intensely shocked mineral grains and glassy 
microspherules have now been found at the very 
top ofthe Cretaceous System in many parts of the 
world. Even if explosive volcanic eruptions could 
have produced these particles, no volcanie erup- 
tion would be powerful enough to eject such large 
particles so high into the atmosphere that they 
could spread many thousands of kilometers. 

Opinions have varied as to how the impact of a 
large bolide would disturb environments on 
Earth. An impact in the oceanic realm would have 
different consequences than one on land or in a 
shallow sea. Even a bolide that made an oeeanic 
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FIGURE 14-31 Microspherules from a thin clay layer 
at the terminal Cretaceous boundary in Wyoming. 
These grains, which have since been chemically altered, 
were apparently once glassy structures that cooled rap- 
idly from droplets of molten rock. (Bruce F. Bohor, U.S. 
Geological Survey.) 
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ment, and in an interval just a few centimeters 
thick, spores of ferns heavily dominate the assem- 
blage of microfossils representing terrestrial 
plants. This pattern suggests that communities of 
flowering plants died out suddenly and were re- 
placed in the landscape by a heavy growth of 
ferns. When a fire or volcanic eruption wipes out a 
forest today, ferns readily invade the cleared land. 
Thus ferns are ecologic opportunists (p. 28). 
Above the fern spike and iridium anomaly are fos- 
sil pollen and leaves of flowering plants that rep- 
resent a flora quite different from the kind that 
existed during Late Cretaceous time. Many Cre- 
taceous groups of broad-leafed evergreen plants 
have disappeared. The postextinction flora is 
dominated by deciduous taxa—ones that lose 
their leaves every autumn. These taxa are better 
adapted to cold winters than are broad-leafed 
evergreens. This pattern of change is consistent 
with the idea that a bolide impact abruptly cooled 
Earth by loading the upper atmosphere with dust. 

Despite all these new discoveries, there is evi- 


' dence that some important taxa that failed to sur- 


vive into the Cenozoic Era were on the decline or 
actually disappeared more than a million years 
before the iridium anomaly formed. Some inocer- 
amid bivalves, a very diverse and abundant group 
until the final two million years or so of Cre- 
taceous time, are conspicuous in the fossil record 
because they are very abundant or very large 
(Figure 14-13A). There is little chance that these 
forms survived in latest Cretaceous time and have 
been overlooked in the record. The rudist bi- 
valves may not have disappeared altogether until 
the very end of the period, but they were defi- 
nitely on the decline. Recall that these were the 
dominant reef builders in Late Cretaceous seas. 
Reef faunas of latest Cretaceous age were impov- 
erished, consisting of relatively few species. Thus 
the histories of these two important groups of bi- 
valves suggest that the marine ecosystem was in 
decline in some ways before the cataclysm that 
prodüced the iridium anomaly. The record of 
planktonic foraminifera suggests that this group 
may also have suffered a pulse of extinction 
slightly before the end ofthe Cretaceous and then 
another right at the end. 

Although evidence is now mounting that 
many species of dinosaurs survived until the very 
end of the Cretaceous Period, the fossil record 
suggests that the dinosaur community, too, was 
under environmental stress somewhat earlier. 
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of humans and other forms of life far from areas of 
nuclear attack. 


Fossils and the Timing of Extinction When it 
was first suggested that a bolide impact caused the 
terminal Cretaceous extinction, some aspects of 
_ the fossil record seemed to conflict with this idea. 
| Several fossil groups appeared to have died out 
over several million years, not within a few hours, 
days, or months. Few species of dinosaurs, for ex- 
ample, were found in the uppermost few meters 
of Cretaceous sediment in Montana and nearby 
regions of Canada, where the fossil record of lat- 
est Cretaceous dinosaurs is the best in the world 
(p. 78). A decline in the number of preserved spe- 
cies upward in the record, toward the terminal 
Cretaceous boundary, seemed to indicate that 
dinosaurs died out gradually during the final few 
million years of the Cretaceous. The impact hy- 
pothesis, however, stimulated paleontologists to 
scour the fossil record here much more thor- 
oughly than they had done before. The result was 
the discovery that many species of dinosaurs once 
thought to have died out long before the end of the 





Cretaceous may well have survived to the very | 
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end: Their fossils have now been found within a 
meter of the iridium anomaly. The lesson here is 
that the imperfection of the fossil record — or our 
imperfect knowledge of the record — can fool us. 
The failure of the record to yield fossils of certain 
species above a given level does not necessarily 
mean that these species had died out by the time 
the seemingly unfossiliferous sediments were de- 
posited. Environments where the last members of 
the species lived may not be represented in the 
sediments that we have available for study. We 
may also have failed to find some fossils that are 
actually preserved in these sediments. The new 
discoveries of species close to the boundary indi- 
cate that this second problem caused us to under- 
estimate the number of extinctions that occurred 
right at the end of the Cretaceous Period. 

The excellent Cretaceous fossil record of 
flowering plants in the western United States also 
seemed until recently to indicate a gradual de- 
cline toward the end of the period, but more thor- 
ough collecting has documented a sudden extinc- 
tion. Floras exhibit few losses below the iridium 
anomaly, but many species make their final fossil 
appearance very close to it. Furthermore, at the 
level ofthe anomaly there is a so-called fern spike: 
Pollen suddenly becomes very rare in the sedi- 





before falling to Earth. Of course, it is possible 
that the small crater-like structure in Iowa and the 
larger one in the Gulf of Mexico formed from sep- 
arate impacts, with the latter producing the large 
iridium anomaly and most of the extinction at the 
end of Cretaceous time. 


The Geographic Pattern of the Crisis It appears 
that cooling of climates played a major role in the 
terminal Cretaceous extinction. Not only the reef- 
forming rudists but numerous other tropical spe- 
cies of marine life died out with the dinosaurs. 
Extinctions were less severe in seas far from the 
equator, where species were adapted to frigid 
conditions. The same pattern is evident for flow- 
ering plants on the land. As we have seen, broad- 
leafed evergreen species unable to tolerate cold 
winters were preferentially victimized in North 
America. Floras in northern Canada were domi- 
nated by cold-adapted, deciduous species, and 
they experienced lighter extinction. 

There appears to have been another general 
geographic pattern of extinction that has yet to be 
studied in detail. As we have seen, land plants at 
moderately high latitudes in the Northern Hemi- 
sphere underwent sudden heavy extinction. In 
sharp contrast, no dramatic changes have been 
detected in floras of Australia or nearby regions of 
the Southern Hemisphere. Light losses in the 
Southern Hemisphere, if confirmed by further 
study, may reflect the location of one or more 
bolide impacts in the Northern Hemisphere. 
There was, however, total extinction of many 
groups of animals that were widespread in both 
hemispheres, including ammonoids in the seas 
and dinosaurs on the land. Furthermore, it is not 
clear that the destructive effects of abolide impact 
could be restricted to the hemisphere where it 
occurred. This geographic puzzle awaits further 
research. 


The Aftermath Most ofthe groups of animals and 
plants that survived the terminal Cretaceous crisis 
at reduced diversity expanded again during the 
Cenozoic Era. For a time, however, life on Earth 
was impoverished in many ways. Among the sur- 
vivors, the calcareous nannoplankton exhibit an 
especially interesting ecologic pattern. Immedi- 
ately after many species in this group died out or 
became quite rare at the very end of the Cre- 
taceous, a few species blossomed to great abun- 
dance in the ocean. Perhaps these ecologic op- 
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About three-quarters Gf all fossils in the strata just 
below the terminal Cretaceous boundary repre- 
sént horned dinosaurs (Figures 14-18 and 14-21). 
Recall that biological communities that live in 
hostile environments are typically low in diversity 
(p. 28). This can mean either that they contain a 
small number of species or that they contain quite 
a few species but most are rare. 

The evidence that heavy extinction was going 
on in the marine realm before the very end of the 
Cretaceous, especially in the environmentally 
sensitive reef community, and that the dinosaur 
community was also stressed raises an interesting 
possibility. Perhaps a bolide impact under these 
conditions was much more devastating to life than 
it would have been if it had occurred when eco- 
systems were healthy. 





How Many Impacts Occurred and Where? 
Another possibility being considered is that more 
than one bolide struck Earth. At issue here is 
whether iridium anomalies and layers containing 
abundant shocked minerals occur at more than 
one level in uppermost Crctaceous strata in some 
areas of the world. Some workers claim to have 
found these features at more than one lcvel, but 
their claims have yet to be confirmed. 
Geologists are currently searehing for one or 
more craters that might represent a Late Cre- 
taceous impact. A crater that seismic studies have 
revealed beneath Cenozoic strata at Manson, 
Iowa, has been suggested as a likely candidate. 
Geologists have drilled into the rocks in which the 
structure occurs and brought to the surface meta- 
morphic minerals that were probably formed by 
an impact at approximately the time the Cre- 
taceous Period ended. The problem is that the 
Manson crater is not large enough to have been 
produced by a bolide that released the total vol- 
ume of iridium estimated to have settled to Earth 
at that time. The second candidate is an apparent 
crater of approximately the right age in the conti- 
nental shelf off the Yucatan Peninsula, in the Gulf 
of Mexico. This structure is larger, but it has not 
yet been shown certainly to be an impact crater. 
Very large microspherules at the terminal Cre- 
taceous boundary in nearby areas suggest that an 
impact may indeed have occurred in this region. 
The reasoning here is that the largest microspher- 
ules produced by an impact would be too heavy to 
travel far; only small ones could be blown high 
into the atmosphere and spread thousands of miles 
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bonate bank also stretched along a large segment 
of the adjacent Atlantic coast until midway 
through the Cretaceous Period, when it gave way 
to the deposition of mud and sand that continues 
today. On the other side of the Atlantic, siliciclas- 
tic deposition early in the Cretaceous Period was 
followed by the widespread accumulation of chalk 
in Europe. 


Cordilleran Mountain Building Continues 


During Cretaceous time an important change took 
place in the pattern of igneous activity in western 
North America. Subduction of the Franciscan 
complex along the western margin of the conti- 
nent continued, as did the associated igneous ac- 
tivity (Figures 13-35 and 14-33). By Late Cre- 
taceous time, however, although volcanic and 
plutonic activity persisted in the Sierra Nevada 
region, the northern igneous activity had become 
concentrated to the east, in Nevada and Idaho 
(Figure 14-34). This pattern contrasted with that 
of the Late Jurassic Epoch, when igneous activity 
in the north had been centered near the coast, in 
northern California and Oregon (Figure 13-31). 
The likely explanation for the eastward migration 
ofigneous activity in the northern United States is 
that the angle of subduction there had decreased. 
In mid-Cretaceous time, the subducted plate in 
this region probably began to pass downward be- 
neath the continent at a low angle; the subducted 
crust therefore failed to sink deep enough to melt 
until it had extended far inland (Figure 14-34). 
The fold-and-thrust belt in front of the mountain- 
ous igneous regions also shifted inland in the 
northern United States. By Late Cretaceous time, 
folding and thrusting extended eastward as far as 
the Idaho-Wyoming border (Figure 14-34). 

A major episode of igneous activity and east- 
ward folding and thrusting coincided approxi- 
mately with the Cretaceous Period; although this 
episode was not entirely divorced from earlier and 
later tectonic activity, it is separately identified as 
the Sevier orogeny. East of this belt lay a vast 
foreland basin, which in Late Cretaceous time was 
occupied by a narrow seaway stretching from the 
Gulf of Mexico to the Arctic Ocean. 

The orogenic belt that occupied western 
North America during the latter half of Cre- 
taceous time was unusually broad, apparently be- 
cause of low-angle subduction. In its development 


FIGURE 14-32 The cal- 
careous nannoplankton spe- 
cies Braarudisphaera bigelowi 
(X 3135). (From B. U. Haq, in 
B. U. Haq and A. Boersma 
[eds.], Introduction to Micro- 


paleontology, Elsevier, New 
York, 1978.) 





portunists (p. 28) were especially tolerant of 
abnormal conditions. After new species evolved 
during the Cenozoic Era, the opportunists de- 
clined in abundance. One species, however, sur- 
vived for more than 150 million years: Braarudi- 
sphaera bigelowi (Figure 14-32) exists even today. 
The fossil record shows that this form has occa- 
sionally spread to the open ocean and undergone 
population explosions, apparently because un- 
usual conditions have briefly favored it over other 
species, but today it is restricted to marginal ma- 
rine lagoons. 

Plants on the land exhibited another notable 
pattern. In North America, deciduous flowering 
plants — the kind that survived the crisis with rel- 
atively little extinction— dominated the land- 
scape for almost 10 million years. Possibly cli- 
mates remained altered for much of this time. It 
appears, however, that broad-leafed evergreens 
took along time to rediversify even after favorable 
conditions returned. Evolution does not always 
replace extinct forms of life quickly, even on a 
geologic scale of time. Thus deciduous forms re- 
mained dominant long after the crisis. 

Of all taxa, it was the mammals that underwent 
the most spectacular diversification early in the 
Cenozoic Era. Their many strategies for exploit- 
ing the absence of the dinosaurs are explored in 
Chapter 15. 


REGIONAL EXAMPLES 


The great worldwide elevation of the seas that 
began near the end of Early Cretaceous time pro- 
duced much of the Cretaceous record exposed on 
modern continents. This record tells many of the 
regional stories that follow. Mountain building 
continued in western North America and pro- 
duced an enormous foreland basin, which became 
flooded by the seaway that extended from the 
Gulf Coast to the Arctic. The Gulf Coast itself was 
fringed by rudist reefs, and a rudist-rimmed car- 
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FIGURE 14-34 A likely explanation for the eastward 
migration of igneous activity in the Cordillera during 
Cretaceous time. As suggested here, the subducted 
plate began to pass downward at a reduced angle, so 
that it reached the depth of melting only after passing 
far to the east. 


Cretaceous Period, when a small microcontinent 
was attached along the western margin of the first. 
This new landmass, like the one accreted during 
the Jurassic, was a composite of two or more 
terranes. They had become amalgamated during 
the Jurassic Period and were attached to North 
America during Cretaceous time. 


The Gulf Coast and North American 
Interior Seaway 


During the latter part of Early Cretaceous time, a 
spectacular array of marine environments devel- 
oped in the Cordilleran foreland basin. This fore- 
land basin extended from the Gulf Coast all the 
way to the Arctic Ocean, which was probably 
much warmer than it is today, judging by nearby 
Alaskan floras. 

Shortly before the end of the Early Cre- 
taceous, during Albian time, Arctic waters spread 
southward, flooding a large area of western North 
America with the Mowry Sea (Figure 14-35). This 
body was named for the Mowry Formation that 
accumulated within it, which consists mostly of oil 
shale, a well-laminated shale in which dark layers 
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western North America. Subduction produced the Fran- 
ciscan mélange in California. North of California, 
igneous activity resulting from subduction was located 
far to the east of the continental margin, this activity, to- 
gether with the folding and thrusting to the east, repre- 
sented the latter part of the Sevier orogeny. In Canada, 
the margin of the continent consisted of two blocks of 
exotic terrane (I and II) that had been sutured to North 
America earlier in the Mesozoic Era; each of these 
blocks consisted of two or more slivers of crust that 
were welded together to form the block before it was 
attached to North America. 


of a foreland basin and certain other features, 
however, the orogenic belt was typical. Like the 
modern Andes (Figure 7-5), for example, it was 
symmetrical: The Franciscan deformation at the 
continental margin (Figure 14-33) was mirrored 
on a larger scale by the Sevier folding and faulting 
east of the belt of igneous activity. 

The Mesozoic history of western Canada is far 
more complicated. Recall that during the Jurassic 
Period, a sizable microcontinent was sutured to 
this region of North America (Figure 13-32). This 
theme of continental accretion continued into the 
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14-36). Most of the sediments deposited here 
were shed from the Cordilleran Mountains that 
formed to the west. The history of the seaway is 
especially well understood because of excellent 
stratigraphic correlations based on abundant fossil 
ammonoids; in addition, ash falls from volcanic 
eruptions to the west provided numerous marker 
horizons, many of which can be dated radiometri- 
cally (Figure 4-8). 

Barrier islands bounded much of the seaway, 
with lagoons standing behind them. The lagoons 
were bordered by broad swamps; on the western 
margin of the seaway the swamps gave way to 
alluvial plains, which were succeeded near the 
mountains by alluvial fans. 
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Maastrichtian time, just 2 or 3 million years before the 
great regression at the end of the Cretaceous Period. 
Until the regression, the Cretaceous Interior Seaway 
stretched from the Gulf of Mexico to the Arctic Ocean. 
The Mississippi Embayment occupied the area now oc- 
cupied by the southern segment of the Mississippi 
River, at times this embayment was connected to the 
seaway by a passage along the east side of the Ozark 
Dome, a highland centered in Arkansas. (After G. D. 
Williams and C. R. Stelck, Geol. Soc. Canada Spec. Paper 


No 13, 1975.) 


rich in fish bones and scales alternate with thicker, 
lighter layers. The Mowry Sea formed as a part of 
the great mid-Cretaceous marine transgression 
that resulted in the deposition of black shales on 
many continents (Figure 14-24). To the south, the 
Gulf of Mexico was originally part of the tropical 
Tethyan realm (Figure 14-26). Rudist reefs flour- 
ished around its margin. 

The Mowry Sea made brief and intermittent 
contact with the Gulf of Mexico before the end of 
Early Cretaceous time, but an enduring connec- 
tion was established at the start of the Late Cre- 
taceous. The result of this contact was an enor- 
mous inland sea, the Cretaceous Interior Seaway, 
that occupied the foreland basin to the east of the 


Sevier orogenic belt. Until just before the end of 


the Cretaceous Period, this seaway extended from 
the Gulf of Mexico to the Arctic Ocean (Figure 
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FIGURE 14-35 Geography of North America later in 
Early Cretaceous time. The Mowry Sea, where black 
muds were deposited, spread southward from the Arctic 
Ocean. A carbonate platform bordered by rudist reefs 
encircled the Gulf of Mexico, and carbonate deposition 
extended far to the north along the East Coast. 





To the south, Late Cretaeeous seas spread 
from the Gulf of Mexico into the Mississippi Em- 
bayment, which was partially separated from the 
interior seaway by the Ozark Dome (Figure - 
14-36). Near the end of the period, siliciclastic 
sediments were shed into the eastern and western 
extremities of the Mississippi Embayment — into 
the region of Georgia from the ancestral eastern 
Appalachians and into the region of Tennessee. 
from the ancestral Mississippi River. Between 
these two areas of siliciclastic deposition, large 
volumes of chalk accumulated in what is now cen- 
tral Alabama. 

Just before the end of the Cretaceous Period, 
the seas retreated southward from the interior 
seaway and the Mississippi Embayment, andanew 
pulse of mountain building began along the west- 
ern margin of the interior seaway. This Laramide 
orogeny, which continued well into the Cenozoic 
Era, is discussed in Chapter 15. Except for a brief 
and less extensive incursion just after the begin- 
ning of the Cenozoic Era, the seas have never re- 
turned to the western interior of North America. 


The East Coast: Development of the 
Modern Continental Shelf 


Seismic studies reveal a great thickness of sedi- 
ments beneath the continental shelf in eastern 
North America (Figure 14-39). These sediments 
consist of deposits laid down during the early 
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The western shoreline of the seaway shifted 
back and forth, primarily in response to the rate of 
sediment supply. At all times conglomeratic sedi- 
ments were shed eastward from the neighboring 
mountains as clastic wedges, but at times of par- 
ticularly active thrusting or uplift these wedges 
prograded especially far to the east (Figure 
14-37). Because of the great weight of sediments 
on the western side of the seaway, subsidence was 
more rapid there than farther east. Along the 
western margin, in nonmarine environments, Late 
Cretaceous dinosaurs left a rich fossil record. 

The Upper Cretaceous strata of the interior 
seaway represent two large depositional cycles, 
one of which is illustrated in Figure 14-38. Each 
cycle consists of an interval of transgression fol- 
lowed by an interval of regression. In addition to 
changing rates of sediment supply, global changes 
in sea level and the changing rate of subsidence of 
the seaway floor must have influenced these pat- 
terns of transgression and regression. At times of 
low supply and maximum lateral expansion of the 
seaway, chalks were laid down in the center. The 
most famous of these deposits is the Niobrara 
Chalk (Figure 14-39), which occupies the middle 
of the upper transgressive-regressive cycle. The 
Niobrara has yielded beautifully preserved fossil 
vertebrates (Figures 14-5, 14-6, and 14-8). 


Sevier 
orogenic 
belt 


L 


سر 











T. ——| = j Paleocene‏ مسر 
Páleozo North Horn Fm. «x « « x x +‏ .^ 
ICD E vxo TD J. E ۳ = y OX E i S S ` ۹ ۳ ۱ 5 ~~‏ 2 = یت ۵ 2 T o, s 2Cn Co eae‏ 
an E‏ — ڪڪ — K as : RC B oe ih € e j Q— - = = os - Q‏ 
Lowis Si: Tm ۳‏ — ی Price River Fm.‏ > ند ., UE‏ 
سد M M EX‏ لس ۱ 3 od T 0 1 CI y E un‏ ^ 
Lu ae ua Fox 2 os NN Ue z — D e‏ < 
— = سے > a PT E‏ 






تن 














XXX = Volcanio ash layer 


Clastic wedges in the west pass eastward into finer- 
grained marine sediments. (After R. L. Armstrong, 
Geol. Soc. Amer. Bull. 79:429 —458, 1968.) 
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FICURE 14-37 Cross section of Upper Cretaceous sed- 
iments in central Utah. These sediments were deposited 
in the foreland basin east of the Sevier orogenic belt. 
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stone and marl (limey clay) deposition in the center of 
the basin (facies 3) expanded; first facies 2 and then 
facies 3 spread into eastern Colorado. During the re- 
gression, the area of deposit of facies 3 contracted, and 
facies 2 and then facies 1 shifted into eastern Colorado. 
(Modified from E. G. Kauffman, The Mountain Geologist 
6:927-245, 1969.) 


Jersey (Figure 14-39) the total thickness of Cre- 
taceous and Cenozoic sediments is approximately 
3 kilometers (—2 miles). Only to the south, in 
southern Florida, did carbonate deposition persist 
to the present. Here about 3 kilometers of sedi- 
ments, consisting mainly of carbonates, accumu- 
lated during the Cretaceous Period, and another 2 
kilometers or so were added during the Cenozoic 
Era. 

The clastic wedge apparently began to de- 
velop because of a renewed uplift of the Appala- 
chian Mountain belt to the west, after it had been 
largely leveled during the Jurassic. Cretaceous 
sediments of the wedge lie mostly beneath the 
ocean or beneath younger deposits on the land; 
some, however, are exposed in two belts of the 
Coastal Plain Province. One stretches from New 
Jersey to Maryland and Virginia and the other is in 
the Carolinas. Like the younger Coastal Plain sed- 
iments, these Cretaceous deposits remain largely 
unconsolidated. 








FIGURE 14-38 The early Late Cretaceous “Green- 
horn" depositional cycle of the North American inte- 
rior seaway. The three facies in the simplified facies 
summary are shown in map view on the left. The strati- 
graphic section represents the vicinity of eastern Colo- 
rado (arrow on map) where the cycle developed by an 
oscillation of the shoreline (transgression and regres- 
sion). During the transgression, the area of chalky lime- 


Mesozoic episodes of rifting that formed the mod- 
ern Atlantic Ocean. At the base are fault basin 
deposits like those ofthe Newark Supergroup that 
are exposed on the continent to the west (Figure 
13-28). Next come large thicknesses of Jurassic 
carbonates that accumulated in the narrow, young 
Atlantic Ocean as passive margin deposition com- 
menced (Figure 14-39). Above the Jurassic car- 
bonates are more carbonates from the Early Cre- 
taceous interval, when, under much warmer 
climatic conditions than exist today, reef-rimmed 
carbonate banks bordered the ocean from Florida 
to New Jersey (Figure 14-35). 

Before the end of Early Cretaceous time, reef 
growth gave way to deposition of predominantly 
siliciclastic sediments. This change marked the 
beginning of the growth ofthe large clastic wedge 
that forms the modern continental shelf. The clas- 
tic wedge consists largely of sands and muds from 
the Appalachian region laid down in nonmarine 
and shallow marine settings. Off the coast of New 


















k A 
2 
A 





[Shallow water facies‏ اه 


{=| Shallow-water facies, inferred 0 300 km 


[| Massif, usually above sea level 0.189 0 


FIGURE 14-40 Paleogeography of northwestern Eu- 
rope during Maastrichtian time. Chalk deposition was 
centered in the North Sea basin. Several stable blocks 
(massifs) formed islands around which marginal facies 
developed; these facies consisted mainly of coarse lime- 
stones but included siliciclastics as well. (Modified from 
E. Hakansson et al., Spec. Publ. Internat. Assoc. Sedi- 
mentol, 1:211- 233, 1979.) 


mulated almost continuously in the basins that 
surrounded the massifs. The lower portions of the 
chalk often contain clay, but the remainder is rela- 
tively pure calcium carbonate, consisting of min- 
ute skeletal debris that is about 75 percent plank- 
tonic in origin. In fact, the rock remains soft 
because calcareous nannoplankton, which secrete 
the mineral calcite, are the dominant components. 
Calcite is less easily dissolved and reprecipitated 
as cement that hardens rock than is aragonite, 
which is the form of calcium carbonate secreted 
by many other organisms. 

Although the chalk seas of Europe were un- 
usually deep for epicontinental bodies of water, 
the general presence of oxidizing conditions along 
the seafloor is demonstrated by the widespread 
occurrence of a fauna of bottom-dwelling species, 
including bryozoans, ostracods, foraminifera, 
brachiopods, bivalves, echinoids, and soft-bodied 
burrowers. Knowing the typical thickness of the 
European chalk and the total time elapsed dur- 
ing its deposition, we can estimate that it accumu- 
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FIGURE 14-39 Cross section of the continental shelf 
and deep sea off the coast of New Jersey. Here the 
opening of the Atlantic is recorded by early Mesozoic 
sediments deposited within fault-bounded basins. Dur- 
ing Early Cretaceous time, a reef-rimmed carbonate 
platform extended this far north under the influence of 
Tethyan ocean currents (see Figure 14-35). During Late 
Cretaceous time, carbonate deposition gave way to sili- 
ciclastic deposition, which has predominated to the 
present day. (After R. E. Sheridan et al., The Geology of 
Continental Margins, Springer-Verlag, New York, 1974.) 


The Chalk Seas of Europe 


To many geologists the term chalk refers specifi- 
cally to the soft, fine-grained limestones of west- 
ern Europe, although, as we have seen, chalky 
rocks are found elsewhere, including the Cre- 
taceous System of North America. The Cre- 
taceous chalks of Europe, which are spectacularly 
displayed as the White Cliffs of Dover and other 
coastline cliffs of southeastern England (p. 366), 
accumulated throughout almost all of Late Cre- 
taceous time, when high sea levels flooded much 
of western Europe. 

Except in the newly forming Alps to the south, 
tectonic activity was largely absent from western 
Europe during Late Cretaceous time, when the 
chalk accumulated. Here and there, massifs stood 
relatively high as islands or, during transgressions, 
as shallow seafloors (Figure 14-40). Chalk accu- 
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stretched from the Gulf of Mexico to the Arctic 
Ocean. 


10 World climates cooled in Late Cretaceous 
time, but before this happened, they were so 
warm that rudist reefs flourished in southern Eu- 
rope and extended from the Gulf of Mexico north- 
ward along the Atlantic coast to New Jersey. 


EXERCISES 


] Whataccounts for the abundance of chalk in the 
Cretaceous System? 


2 What were the most important groups of swim- 
ming predators in Cretaceous seas? 


3 What evidence do land plants offer about the 
nature of Late Cretaceous climates? 


4 What evidence suggests that a large extra- 
terrestrial object struck the earth at the end of 
the Cretaceous Period? 


5 What conditions may account for the formation 
of widespread black shales in seas that spread 
over continental surfaces at certain times dur- 
ing the Cretaceous Period? 


6 What modern continents that were once part of 
Gondwanaland remained attached to each 
other at the end of the Cretaceous Period? 


7 Why did thick siliciclastic deposits accumulate 
in the western interior of North America during 
Cretaceous time? 


8 By what mechanism may increased volcanism 
have produced very warm climates during the 
Cretaceous Period? 


ADDITIONAL READING 


Alvarez, W., and F. Asaro, ““What Caused the 
Mass Extinction? An Extraterrestrial Impact," 
Scientific American, March 1991. 


Bakker, R. T., The Dinosaur Heresies, William 
Morrow and Company, New York, 1986. 


Courtillot, V. E., "What Caused the Mass Extinc- 
tion? A Volcanic Eruption,” Scientific Ameri- 
can, March 1991. 


lated at a rate perhaps as great as 15 centimeters 
(~6 inches) per 1000 years. The productivity of 
the calcareous nannoplankton here and in the in- 
terior seaway of North America was apparently 
greater than that of calcareous nannoplankton in 
any region of the oceans today. 


CHAPTER SUMMARY 


] With the evolutionary expansion of the dinofla- 
gellates, diatoms, and calcareous nannoplankton 
during the Cretaceous Period, the phytoplankton 
assumed a modern character. Similarly, the diver- 
sification of the planktonic foraminifera contrib- 
uted to the modernization of the zooplankton. 


2 Calcareous nannoplankton raining down on the 
seafloor produced thick deposits of chalk in west- 
ern Europe and elsewhere. 


3 On the seafloor, predators such as crabs, teleost 
fishes, and carnivorous snails diversified markedly 
during Cretaceous time, thereby altering the na- 
ture of the marine ecosystem. 


4 In mid-Cretaceous time, rudist bivalves tempo- 
rarily displaced corals as the primary builders of 
organic reefs. 


5 On the land, angiosperms, or flowering plants, 
displaced gymnosperms as the most diverse group 
of plants. 


6 At the end of the Cretaceous Period, mass ex- 
tinction eliminated the ammonoids, rudists, ma- 
rine reptiles, and dinosaurs and devastated many 
other groups of organisms. The impact of a bolide 
from outer space probably caused this biotic 
crisis. 


7 Gondwanaland broke apart during the Cre- 
taceous Period, forming the South Atlantic and 
other oceans. 


8 Sea level rose throughout Early Cretaceous 
time, flooding much of Europe and spreading over 
western North America from the Gulf of Mexico to 
the Arctic Ocean. The average temperature of 
Earth was higher than it is today. 


9 In western North America, orogenic activity 
shifted eastward from its Jurassic position. To the 
east of the orogenic belt, an interior seaway 
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THE CENOZOIC ERA 


he Cenozoic Era came to be known as the Age of Mammals 

because of the rapid diversification of these animals after the 
dinosaurs had disappeared. Modern snakes, frogs, and songbirds 
made their appearance during Cenozoic time, as did grasses and 
weedy plants. Marine life underwent only modest changes, with the 
notable exception of the whales, which originated and diversified 
during the era. Youthful mountains such as the Alps, Himalayas, and 
Rockies that stand tall today had Cenozoic origins. 

During mid-Cenozoic time climates cooled in many areas, the 
deep sea grew frigid, and a mass extinction struck life on land and in 
the sea. Climates and deep-sea waters have since remained cooler 
than they were early in the era, and about 3 million years ago conti- 
nental glaciers formed in the Northern Hemisphere, initiating a gla- 
cial age that has continued to the present. This glacial age has wit- 
nessed the appearance of the human species and the evolution of its 
various modern cultures. 





Two sifakas in a tree represent a primitive group of primates that is now re- 
stricted to the island of Madagascar and in danger of extinction. These animals 
in many ways resemble early Cenozoic primates from which monkeys, apes, and 
humans ultimately evolved. (Frans Lanting/Minden Pictures.) 
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CHAPTER 


The Paleogene World 


such ranges as the Sierra Nevadaand Rocky Moun- 
tains. In southern Europe the Paleogene eleva- 
tion of the Alps was of comparable significance. 

For the most part, the sediments that record 
these and other Cenozoic events are unconsoli- 
dated, or soft, although most Neogene carbonates 
and some siliciclastics are lithified. 
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he close of the Cretaceous Period marked a 

major transition in Earth's history. Never 
again were calcareous nannoplankton so abundant 
that they formed massive chalk deposits; scarcely 
any belemnoids survived, and ammonoids, ru- 
dists, and marine reptiles were gone from the seas. 
What remained were marine taxa that persist as 
familiar inhabitants of modern oceans, among 
them bottom-dwelling mollusks and teleost fishes. 
On the land, the flowering plants of the Paleogene 
resembled those of latest Cretaceous time in many 
ways, but animal life changed dramatically. Tak- 
ing the place of the dinosaurs were the mammals, 
which were universally small and inconspicuous at 
the start of the Paleogene interval but in many 
ways resembled modern mammals by the period's 
end. 

The most profound geographic change during 
Paleogene time was a refrigeration of Earth's 
polar regions, which resulted in a chilling of the 
deep sea and ultimately in widespread glaciation 
(a phenomenon to be discussed in Chapter 16). 
Paleogene mountain-building events in western 
North America foreshadowed Neogene uplifts of 





Terrestrial Eocene sediments of pinkish color rest on 
top of marine Cretaceous sediments of tan color in Bad- 
lands National Park of South Dakota. (Tom Bean.) 
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MAJOR EVENTS OF THE PALEOGENE PERIOD 
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Mammals, which were small and of limited diversity world at this time, and pulses of extinction removed a 
early in the Paleocene Epoch, radiated rapidly. Near the number of taxa. Sea level stood considerably higher than 
end of the Eocene Epoch, Antarctica cooled down, and it stands today until late Oligocene time, when it 


cold water began to settle to the deep sea, forming dropped nearly to its present level. 
the psychrosphere. Climates cooled in many parts of the 
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riety of body forms by this time. (Field Museum of Natu- 
ral History, Chicago.) 


fossils, and then, in 1874, W. P. Schimper estab- 
lished the Paleocene Series on the basis of distinc- 
tive fossil assemblages of terrestrial plants in the 
Paris Basin. 


WORLDWIDE EVENTS 


Paleogene life is so familiar to us that it requires no 
special introduction; its most interesting features 
are the major expansions and contractions of cer- 
tain taxonomic groups in all parts of the globe. Nor 
do we need a special section on Paleogene paleo- 
geography, because the Paleogene lasted no more 
than 42 million years — a span in which paleogeo- 
graphic changes occurred on such a small scale 
that they are best considered under the heading of 
Regional Events. 


Evolution of Marine Life 


The present marine ecosystem is, for the most 
part, populated by groups of animals, plants, and 
single-celled organisms that survived the extinc- 
tion at the end of the Mesozoic Era to expand 
during the Cenozoic. Many benthic foraminifera, 
sea urchins, cheilostome bryozoans, crabs, snails, 
bivalves, and teleost fishes survived in sufficiently 
large numbers to assume prominent ecologic po- 
sitions in Paleogene seas (Figure 15-1). Perhaps 
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FIGURE 15-1 Teleost fishes from the Eocene Series of 
Monte Bolca, Italy. These fishes had evolved a great va- 


THE CENOZOIC TIME SCALE 


Early inthe history of modern geology the marked 
difference between Mesozoic and Cenozoic 
biotas was readily apparent. Subdivision of the 
Cenozoic Era itself is less clear-cut. Today many 
geologists divide the era into two periods: the Pa- 
leogene Period, which includes the Paleocene, 
Eocene, and Oligocene epochs, and the Neogene 
Period, which includes the Miocene, Pliocene, 
Pleistocene, and Recent (or Holocene) epochs. 
This Paleogene-Neogene classification has be- 
come increasingly popular during the past two 
decades. Traditionally, however, the Cenozoic 
Era has been divided into two periods of quite 
different lengths: the Tertiary, which encom- 
passes the interval from the Paleocene through 
the Pliocene, and the Quaternary, which includes 
only the Pleistocene and Recent epochs (an inter- 
val of less than 2 million years). The advantage of 
the Paleogene-Neogene division is that it yields 
two periods of more similar duration. 

The first formally recognized Paleogene 
epoch was the Eocene, which Charles Lyell estab- 
lished in 1833 on the basis of deposits found in the 
Paris and London basins. Lyell named and de- 
scribed the Eocene Series in his great book Princi- 
ples of Geology, a work that also served to popu- 
larize the uniformitarian view of geology (p. 3). It 
was not until 1854 that Heinrich Ernst von Bey- 
rich distinguished the Oligocene Series from the 
Eocene in Germany and Belgium on the basis of 





length of about 14 meters (~ 47 feet). (Smithsonian 
Institution.) 


FIGURE 15-3 Jaws of the enormous fossil shark 
Carcharodon from the Eocene Epoch engulf the jaws 

of a modern shark. The jaws of the fossil shark were 
more than 2 meters (> 6.5 feet) across. (Field Museum of 
Natural History, Chicago.) 
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FIGURE 15-2 The Eocene whale Basilosaurus, a 
carnivore endowed with large teeth. This genus — not 
enormous by modern whale standards — attained a 


the biggest beneficiaries of the terminal Cre- 
taceous extinction, however, were the reef- 
building corals, which had relinquished their 
dominant reef-building role to the rudists in mid- 
Cretaceous time but reclaimed it after the rudists' 
extinction. Unfortunately, few Paleocene coral 
reefs have been found. The rarity of Paleocene 
coral reefs also seems to indicate that reefs did not 
recover quickly from the mass extinction at the 
end of the Cretaceous. During the warm Eocene 
Epoch that followed the Paleocene, however, 
corals became widespread once again. 

Calcareous nannoplankton, which had suf- 
fered severe losses at the end of the Cretaccous 
Period, rediversified somewhat during the Paleo- 
gene. These forms as well as the diatoms and dino- 
flagellates, which were not so adversely affected, 
have accounted for most of the ocean's productiv- 
ity throughout the Cenozoic Era, just as they did 
in Cretaceous time. 

Although many elements of Paleogene ma- 
rine life closely resembled those of Late Cre- 
taceous age, some forms were dramatically new. 
Perhaps the most distinctive marine organisms of 
this period were the whales, which evolved dur- 
ing the Eocene Epoch from carnivorous land 
mammals and quickly achieved success as large 
marine predators (Figure 15-2). Joining the 
whales as replacements for the reptilian “‘sea 
monsters," the top carnivores of the Mesozoic 
Era, were enormous sharks (Figure 15-3). Unlike 
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the whales, however, sharks descended from sim- 
ilar creatures that lived during Cretaceous time. 

It would appear that the marine ecosystem 
expanded during Paleogene time to include new 
niches along the fringes of the oceans. Sand dol- 
lars, for example, which are the only sea urchins 
able to live along sandy beaches, evolved at this 
time from biscuit-shaped ancestors (Figure 15-4), 
and new kinds of bivalve mollusks also invaded 
exposed sandy coasts. Both of these new groups 
have successfully inhabited shifting sands by vir- 
tue of their ability to burrow quickly into the sand 
again after they have been dislodged. Other new- 
comers to the ocean margins were the penguins, a 
group of swimming birds of Eocene origin, and 
possibly the pinnipeds, a group that includes 
walruses, seals, and sea lions. It is widely believed 
that the pinnipeds evolved before the beginning 
of the Neogene Period, although this group left no 
known Paleogene fossil record. 


Evolution of Terrestrial Plants 


The story of land plants is quite different. The 
transition to the Paleogene was apparently not 
marked by any drastic change in the character of 
terrestrial floras; instead, the great radiation of 
flowering plants simply continued. In the process, 
modern families of flowering plants evolved. By 
the beginning of Oligocene time, some 34 million 
years ago, about half of all genera of flowering 
plants were ones that are alive today, and although 
many modern plant genera had not yet evolved, 
forests had taken on a distinctly modern appear- 
ance. The oldest known rose species, for example, 
is of Late Eocene age (Figure 15-5). 

One major evolutionary event that did take 
place during the Paleogene interval was the ori- 
gin of the grasses. Although these usually low- 
growing flowering plants were present before the 
end of the Paleocene, they did not reach their full 
ecologic potential until late Oligocene and Mio- 
cene times. Early grasses were apparently con- 
fined to wooded or swampy areas. The mode of 
growth of early grasses, like that of the modern 
sedges that form marshlands along continental 
coastlines, did not allow their leaves to grow con- 
tinuously and thus to recover from heavy grazing 
by animals of the sort that inhabit open country in 
large numbers. It was only an adaptive break- 
through—the origin of the continuous growth 
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FIGURE 15-4 Specimens illustrating the evolution of 
the sand dollars from biscuit-shaped Paleocene ances- 
tors (Togocyamus), which are known only from Africa. 
True sand dollars (Periarchus) were present throughout 
the world by middle Eocene time. Sismondia is an inter- 
mediate genus that has been found in Africa and India. 
These animals were the size of small cookies. (P. M. 
Kier, Smithsonian Institution.) 











It was probably through both competition and 
predation that the dinosaurs had prevented the 
mammals from undergoing any great evolutionary 
expansion during Mesozoic time. 

At the start of the Paleocene Epoch, when 
they first had the world to themselves, most mam- 
mals were small creatures that resembled modern 
rodents: no mammal seems to have been substan- 
tially larger than a good-sized dog. Furthermore, 
most mammal species tended to remain general- 
ized in both feeding and locomotory adaptations; 
those that dwelt on the ground generally retained 
a primitive limb structure that eaused the heels of 
the hind feet and the “palms” of the front feet to 
touch the ground as the animals moved about. 
Perhaps 12 million years later, however, by thc 
end of early Eocene time, mammals had diversi- 
fied to the point at which most of their modern 
orders were in existence (Figure 15-6). Bats al- 
ready fluttered through the night air (Figure 
15-7), for examplc, and, as we have seen, large 
whales swam the oceans. 

Also included among the Paleocene mammals 
wcre groups that had survived from Cretaceous 
time (Box 14-1), such as marsupials, multituber- 
culates, and placental mammals called insecti- 
vores. Other Paleocene mammals have been as- 
signed by some experts to the Primates, the order 
to which modern humans belong. Although these 
small animals were quite different from monkeys, 
apes, or humans in many respects, by early Eocene 
time they did climb with grasping hind limbs and 
forelimbs that foreshadowed our own hands and 
feet (Figure 15-8). By mid-Paleocene time, true 
mammalian carnivores — members of the living 
order Carnivora-—had emerged (Figure 15-9). 
This is the order to which nearly all living carnivo- 
rous placental mammals belong. By the end of Pa- 
leocene time, the earliest members of the horse 
family had evolved as well; these animals were no 
larger than small dogs (Figure 15-10), but by the 
end of the epoch, larger herbivorous mammals, 
some the size of cows, had appeared. 

The variety of mammals continued to increase 
in the Eocene Epoch. The number of mammalian 
families doubled to nearly 100, approximating 
that of the world today. In addition, more modern 
varieties of hoofed herbivores appeared. Most an- 
imals ofthis kind are known as ungulates, and they 
are divided into odd-toed ungulates (living horses, 
tapirs, and rhinos) and even-toed ungulates, or 
cloven-hoofed animals (cattle, antelopes, sheep, 
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FIGURE 15-5 One of the oldest known rose plants. 
This specimen was preservcd in fine-grained sediments 
of the Florissant Formation of Colorado. Fossils of the 
same species, Rosa hilliae, have also been found in the 
upper Eocene Green River Formation of Utah. It proba- 
bly produced insect-attracting flowers, although these 
blossoms would not have been as beautiful, by our stan- 
dards, as those that modern breeders have developed. 
(Smithsonian Institution.) 


process, which forces us to cut our lawns every 
week or two — that ultimately enabled grasses to 
invade open country with great success. Once 
they were able to survive the effects of heavy 
grazing by animals, grasses quickly spread over 
vast expanses to form grasslands.! 


Early Paleogene Terrestrial and 
Freshwater Animals 


In Chapter 5 and Box 14-1 we saw that the mam- 
mals, having inherited the world from the dino- 
saurs, underwent a remarkably rapid adaptive ra- 
diation during the early part of the Cenozoic Era. 


1 This idea has been proposed informally, but not yet published, 
by Leo J. Hickey of Yale University. 
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FIGURE 15-9 Reconstruction of a mid-Paleocene 
biota of New Mexico. The large trees represent the syc- 
amore genus Platanus, which has survived to the present 
time. A small insectivore (Deltatherium) rests on a small 
branch in the center of the drawing. On the ground, 
mesonychid carnivores of the genus Ancalagon feed on 
the small crocodile Allognathosuchus. Ancalagon is 
closely related to the mesonychids that gave rise to the 
whales. Ferns and sable palms (or fan palms) constitute 
the undergrowth in the background. (Drawing by 
Gregory S. Paul.) 
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FIGURE 15-7 A complete skeleton of an Eocene 
bat from the Green River Formation of Wyoming. 
(Senckenberg Museum. ) 
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FIGURE 15-8 Reconstruction of the early primate 
Cantius, a small genus of early Eocene time. This ar- 
boreal animal had large toes on its hind feet and nails 
much like our own, and it apparently jumped from limb 


to limb. (R. T. Bakker.) 
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FIGURE 15-12 Moeritherium, an early member of 
the elephant group. This elongate animal stretched to 
a length of about 3 meters (~ 10 feet). During the Eo- 
cene Epoch it probably wallowed in shallow waters and 
grubbed for roots or other low-growing vegetation. 


well known from the fossil record, was a bulky 
animal, about 3 meters (~ 10 feet) long, with rudi- 
mentary tusks and a short snout rather than a fully 
developed trunk (Figure 15-12). The rodents, 
which had originated in the Paleocene, continued 
to diversify as well, but they may have attained 
their success at the expense of the archaic multi- 
tuberculates, which were also specialized for 
gnawing seeds and nuts. As the rodents expanded 
during the Eocene, the multituberculates de- 
clined; they finally became extinct early in the 
Oligocene Epoch. 

Among the animals that preyed on these her- 
bivorous mammals were groups that originated in 
the Paleocene Epoch. They include the superfi- 
cially doglike mesonychids and the diatrymas, 
which were huge flightless birds with powerful 
clawed feet and enormous slicing beaks (Figure 
15-13). The diatrymas disappeared toward the 
end of the Eocene Epoch. At that time the mes- 
onychids were joined by primitive members of 
three familiar modern carnivore groups: the dog, 
cat, and weasel families. 

The monstrous diatrymas were not the only 
birds of the Eocene, but flying birds were much 
less diverse then than they are today. Most species 
were shore birds that waded in shallow water 
when they were not in flight (Figure 15-14). Not 
yet present were many other modern kinds of 
birds, including the songbirds that are so numer- 
ous today. 
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FIGURE 15-10 Hyracotherium (“eohippus”), the 
earliest genus of the horse family. This animal, which 
was present in Late Paleocene and Eocene time, was no 
larger than a small dog. It had four toes on each front 
foot and three on each hind foot. (Field Museum of 
Natural History, Chicago.) 


goats, pigs, bisons, camels, and their relatives). 
The odd-toed ungulates expanded before the 
even-toed group did, but primitive even-toed un- 
gulates were also present early in the Eocene 
(Figure 15-11); of the modern even-toed types, 
camels and relatives of the present-day chevrotain 
(the Oriental mouse deer") evolved before the 
end of the epoch. In addition, the earliest mem- 
bers of the elephant order appeared during early 
Eocene time; Moeritherium, the earliest genus 
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FIGURE 15-11 Diacodexis, an early even-toed 
ungulate, or cloven-hoofed herbivore. Hyracotherium 
(Figure 15-10), in contrast, was an early odd-toed ungu- 
late. The limb structure of Diacodexis shows that it was 
an unusually adept runner and leaper for early Eocene 


time. (After K. D. Rose, Science 2106:6021 - 623, 1984.) 
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flightless birds guarding their chicks are members of the 
genus Diatryma, which stood about 2.4 meters (~8 feet) 
tall. (Drawing by Gregory S. Paul.) 
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with the tracks are lines of probing marks made by the 
beak while the bird searched for food. Its legs were too 
long to allow it to swim, but modern ducks have inher- 
ited its webbed feet and employ them as paddles to pro- 
pel them through the water. (After drawing by J. P. 
O'Neill. Photograph by the author.) 
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FIGURE 15-13 Large terrestrial predators that had 


evolved by Early Eocene time. The animals that superfi- 


cially resemble dogs are giant mesonychids of the genus 
Pachyhyaena, which were the size of small bears. The 
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FIGURE 15-14 The long-legged Eocene duck Pres- 
byornis. The large numbers of fossils of this wading bird 
found in Green River sediments of Wyoming and Utah 
suggest that it lived in enormous colonies. Presbyornis 
left tracks revealing that webbed feet at the end of its 
long legs supported it when it walked in mud. Along 





FIGURE 15-16 An Eocene ant from the Green River 
Formation. This insect, which is about 2 centimeters 

(4 inch) in length, belongs to the family Formicidae, 
which has undergone such a great adaptive radiation 
that today it includes about 16,000 species. (L. Grande.) 


FIGURE 15-17 Reconstruction of an Oligocene horse 
belonging to the genus Mesohippus. This three-toed ani- 
mal stood about 4 meter (~ 20 inches) tall at the shoul- 
der. (Field Museum of Natural History, Chicago.) 
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FIGURE 15-15 Complete skeleton of an Eocene frog 
that belongs to a still-living family. This specimen 
comes from the Green River Formation of Wyoming. (L. 


Grande.) 


As for other forms of vertebrate life, reptiles 
and amphibians were relatively inconspicuous 
during Paleogene time. The first record of the 
Ranidae, the largest family of living frogs, is in the 
Eocene Series (Figure 15-15), but the fossil 
record of this group of fragile animals is not good, 
so we do not know precisely when the Ranidae 
originated or attained high diversity. 

There is no question that the insects took on 
a modern appearance with the origin of sev- 
eral modern families in Paleogene time (Figure 
15-16). Several Oligocene forms, which have 
been preserved with remarkable precision in 
amber, closely resemble living species. 


Mammals of the Oligocene Epoch 


Mammals became increasingly modern during the 
Oligocene Epoch. As many Eocene families died 
out, many living (Recent) groups expanded. The 
horse family had disappeared from Eurasia during 
the Eocene, but a few horse species, including 
members of the three-toed genus Mesohippus 
(Figure 15-17), survived in North America. Other 


ia belonged to the 
5 meters (~ 18 feet) 


rhinoceros family and stood about 5 


of a good-sized modern giraffe. (Drawing by Gregory S. 
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FIGURE 15-18 Indrichotherium, 
now know, was the largest mammal 
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more large mammals populated the land during 
the Oligocene Epoch than during the Eocene. 

As the Oligocene Epoch progressed, odd-toed 
ungulates were outnumbered for the first time by 
even-toed ungulates, including deerlike animals 
and pigs, which became especially diverse. 

Among the carnivores, the dog, cat, and wea- 
sel families, which had their origins in Eocene 
time, radiated during the Oligocene Epoch and 
produced more advanced forms, including large 
saber-toothed cats (Figure 15-20), bearlike dogs, 
and animals that resembled modern wolves. 

An especially important aspect of the modern- 
ization of mammals during the Oligocene Epoch 
was the appearance of monkeys and apelike pri- 
mates. The genus Aegyptopithecus, an arboreal 
animal the size of acat, had teeth resembling those 
of an ape buta head and a tail resembling those ofa 
monkey (Figure 15-21). In Neogene time, before 
the arrival of humans, apes attained considerable 
diversity in Africa and Eurasia. 


Climatic Change and Mass Extinction 


During the second half of the Paleogene Period a 
mass extinction struck both on the land and in the 
sea. This catastrophe was not so severe as some 





FIGURE 15-19 Titanotheres, which constituted a 
family of odd-toed ungulates that were related to the 
rhinos but had blunt horns rather than sharp ones. 
Titanotheres were abundant in the American West dur- 
ing the Oligocene Epoch. (Field Museum of Natural His- 
tory, Chicago, neg. CK-12T.) 


odd-toed ungulates that enjoyed greater success 
during the Oligocene Epoch than in previous in- 
tervals were the rhinos, which included the larg- 
est land mammal of all time (Figure 15-18), and 
the rhinolike titanotheres (Figure 15-19). Many 





ing upon prey. Its canine teeth were elongated for 
stabbing, but Dinictis was not a member of the true 
saber-toothed cat group. (Drawing by Gregory S. Paul.) 


FIGURE 15-20 The Oligocene cat Dinictis, which was 
approximately the size of a modern lynx. This animal 
possessed advanced adaptations for running and spring- 





for the size of the animal, perhaps reflecting a high level 
of intelligence for the Oligocene world. (Drawing by 
S. F. Kimbrough. Photograph by E. Simons.) 


(angiosperms) are commonly viewed as the ther- 
mometers of the past 100 million years. As we 
have seen, their value derives in part from the 
strong correlation between mean annual temper- 
ature and percentage of species within a flora that 
have leaves with entire margins (Figure 2-18). 
Data on the leaf margins of fossil floras of North 
America reveal that after Early Eocene time, 
major climatic changes took place throughout the 
world. There were three pulses of cooling, each 
more severe than the one before (Figure 15-22). 

The events that took place in the deep sea 
provide an explanation for the episodes of cooling. 
Study of deep-sea cores reveals that at this time 
there was an increase in the ratio of oxygen 18 to 
oxygen 16 in the skeletons of the foraminifera in 
equatorial regions and near Antarctica. This in- 
crease apparently reflected the first growth of 
glacial ice on and adjacent to Antarctica, with the 
lighter oxygen isotope (160) accumulating prefer- 
entially in this ice. The growth of glacial ice on 
Antarctica was a prelude to the greater expansion 
of high-latitude ice sheets near the end of the Ce- 
nozoic Era, during what is informally known as the 
recent ICC Age. 

It was during the Late Eocene cooling episode 
that the psychrosphere — the cool bottom layer of 
the ocean (p. 43) — came into being as cold, dense 
polar water began to sink to the deep sea. The 
short interval of isotopic change that character- 
izes deep-sea cores suggests that the psychro- 
sphere formed in less than 100,000 years; the 
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FIGURE 15-21 The Oligocene primate Aegyptopithe- 
cus, whose name reflects its discovery in Egypt. The 
skull resembles that of a monkey, but the teeth are ape- 
like. The brain of Aegyptopithecus was unusually large 


earlier ones. It did eliminate many genera and 
species, but relatively few higher taxa disap- 
peared. Actually, it was not a single event but a 
series of pulses of extinction, apparently causcd 
by changes in climatic conditions. 


Early Eocene Warmth Fossil floras reveal that in 
Early Eocene time, before the pulses of extinc- 
tion, Earth's climate was relatively warm. South- 
eastern England, for example, which was posi- 
tioned very close to its present high latitude, was 
cloaked in a tropical jungle (Box 15-1). How did 
warm conditions develop so far from the equator? 
It is possible that a high concentration of carbon 
dioxide in the atmosphere strengthened the 
greenhouse effect at this time. Another possibility 
is that warm ocean currents carried a large amount 
of heat from low latitudes to high latitudes. The 
most likely source of the warm water was the re- 
gion ofthe dry trade winds (p. 35). Here high rates 
of evaporation may have produced waters that 
were relatively dense because of their high salin- 
ity. Such waters would have descended below the 
surface and spread out, carrying some oftheir heat 
to high latitudes. There the upward mixing, of 
these water masses would have warmed the sur- 
face waters. Winds passing over them would have 
warmed the land. 


Global Climatic Change Fossil plants attest to 
climatic changes on the land after the Early Eo- 
cene interval of global warmth. Flowering plants 
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versity and a change in the composition of the 
fauna. The species that became extinct were 
mostly spiny forms that were adapted to warm 
conditions. 

The pattern of extinction of calcareous nanno- 
plankton is not yet documented in great detail, but 
during the final 7 million years of Eocene time 
the total number of species in the world fell from 
about 120 to just 40 or so. Calcareous nanno- 
plankton are predominantly warm-water forms, 
so it is not surprising that this group should have 
been severely affected by global cooling. 

Extinction was also heavy on the seafloor dur- 
ing the Eocene-Oligocene transition. Many areas 
lost species that were adapted primarily to warm 
conditions. 

The fossil record of mammals in western 
North America reveals two episodes of heavy ex- 
tinction during the general interval of biotic cri- 
sis: the first a few million years before the end of 
the Eocene Epoch and the second at the very end 
of the epoch. The first event eliminated many 
mammalian species and a modest number of gen- 
era. The second was less severe, but it did sweep 
away the last of the huge, rhinolike titanotheres 
(Figure 15-19). These crises seem to have coin- 
cided with the widespread climatic changes re- 
vealed by the changes in land plants. 

It seems evident that climatically induced 
changes in the terrestrial flora played a major 
role in the mammalian extinctions. These floral 
changes resulted from increased aridity as well as 
from cooling of the climate. Many regions became 
more arid about 34 million years ago, because at 
the end of the epoch sea level declined dramati- 
cally from its relatively elevated position late in 
Eocene time (Figure 15-23 and Major Events, 
p. 404), leaving broad continental areas far from 
the ocean and poorly supplied with moisture. Pre- 
sumably climatic cooling at this time was asso- 
ciated with a sudden expansion of glacial ice on 
Antarctica, which caused sea level to drop. 

The effect of cooling and increased aridity was 
profound. The Eocene Epoch had been a time 
when moist tropical and subtropical forests 
cloaked much of North America and Eurasia. Dur- 
ing the Oligocene Epoch, savannahs — grassy 
plains with scattered trees and shrubs (p. 36) — 
spread across large areas of major continents. At 
the same time, moist subtropical and tropical for- 
ests became confined to low latitudes, where they 
remain to this day in the form of jungles and rain 
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FIGURE 15-22 Estimated changes in temperature in 
four areas of North America in the coursc of Cenozoic 
time, based on percentages of entire-margined leaves in 
fossil floras. The fact that the curves follow parallel 
paths where they overlap in time suggests that the 
trends hold for large areas of Earth's surface. (After 
J. A. Wolfe, American Scientist 66:694 - 703, 1978.) 


temperatures of bottom waters over large areas of 
the deep sea dropped by perhaps 4 to 5*C (~7 to 
9°F). Later we will examine geologic changes that 
caused the psychrosphere to form. 


Mass Extinction Deep-sea cores provide the 
most detailed record of the pattern of late Paleo- 
gene extinction — a record that consists of micro- 
fossils. The record of planktonic foraminifera re- 
veals five successive pulses of change between 
about 40 and 31 million years ago (during Middle 
and Late Eocene time). The final pulse of extinc- 
tion appears to have coincided with the final epi- 
sode of cooling in North America, as indicated by 
changes in terrestrial floras (Figure 15 22) Each 
sudden change caused a few species of foraminif- 
era to become less abundant or disappear alto- 
gether. The overall result was a reduction in di- 
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FIGURE 15-23 
World geography 
during Late Eocene 
time. Substantial 
areas of continental 
crust were inundated 
during this interval. 
Relatively warm cli- 
mates prevailed even 
as far north as Elles- 
mere Island, where a 
diverse fauna of ter- 
restrial plants and 
vertebrate animals 
flourished in middle 
Eocene time. The 
Bering land bridge, a 
neck of continental 
crust, stood above 
sea level throughout 
the Eocene interval, 
permitting animals to 
migrate between 
North America and 
Eurasia. 


Gulf Coast of North America, where large vol- 
umes of petroleum are trapped in soft Paleogene 
sediments. 


Antarctica and the Origin of the 
Psychrosphere 


The only major event of continental rifting that 
took place exclusively during the Cenozoic Era 
was the separation of Australia from Antarctica, 
which occurred close to the end of the Eocene 
Epoch. With the inception of this rifting early in 
Eocene time, Australia began to move northward, 
and the resulting alteration of wind and water cir- 
culation near the South Pole had consequences 
that extended over much of the planet. 

Even before its separation from Australia, 
Antarctica had been centered over the South 
Pole, but it had remained warm because its shores 
were bathed in relatively warm waters from lower 
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forests. Because many ofthe evolutionary changes 
associated with this climatic transition took place 
in Miocene time, we will pick up this story in 
Chapter 16. 


REGIONAL EVENTS 


In examining important regional events of the 
Paleogene Period, we will travel to the ends of 
Earth — first to the South Pole, where Antarctica 
became separated from Australia and developed 
its icy cover, and then toward the North Pole, 
where land areas of North America and Eurasia 
were more closely connected than they are today. 
Then we will look at the history of the Cordilleran 
region of North America, where the Laramide 
orogeny yielded many structures that remain con- 
spicuous in the Rocky Mountains today. We will 
also examine the nature of deposition along the 
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the climatic deterioration in Late Eocene and Oli- 
gocene time fostered further deterioration later in 
Cenozoic time. The recent Ice Age of the North- 
ern Hemisphere (described in Chapter 16) would 
never have occurred if global temperatures had 
not already been lowered. 


The Top of the World: Changing 
Positions of Land and Sea 


Major geologic and geographic changes also took 
place during the Paleogene Period within 30° lat- 
itude of the North Pole (Figure 15-25). Many of 
these changes can be read from the ages of various 
segments of the deep seafloor. The Arctic deep- 
sea basin was in existence during the Cretaceous 
Period, but until nearly the end of Cretaceous 
time it remained separated from the Atlantic, ex- 
cept by way of shallow seas, because North Amer- 
ica, Greenland, and Eurasia were still united as a 
single landmass. Then, as we saw in Chapter 14, 
the Mid-Atlantic Rift proceeded northward along 
two forks, splitting Greenland from North Amer- 
ica on the west and from Eurasia on the east. Fi- 
nally, in mid-Paleogene time, the pattern of plate 
movement simplified as the western arm of rifting 
ceased to be active, ending the relative movement 
of Greenland away from North America. Since 
that time, the rifting of the northern Atlantic has 
been limited to the area between Greenland and 
Scandinavia. The plate movements in this area, 
like those in the south polar region, contributed to 
the origin of the psychrosphere. Early in Paleo- 
gene time the Arctic Ocean was isolated from 
larger oceans to the south and thus retained its 
frigid waters. Then, late in Eocene time, rifting 
between Greenland and Scandinavia proceeded 
far enough to allow a channel to open up between 
the Arctic basin and the Atlantic, causing dense, 
frigid Arctic waters to spill into the larger ocean as 
part of the psychrosphere. 

Meanwhile, continental crust has continued to 
separate the Arctic and Pacific basins; Alaska and 
Siberia have remained connected by a stretch of 
continental crust despite the fact that this con- 
necting segment now lies submerged beneath the 
Bering Sea. During much ofthe Cenozoic Era, this 
segment, which is known as the Bering land 
bridge, stood above sea level and served as a land 
corridor between North America and Eurasia. 


Warm 
current 


co? current 
3 X 


ast?" ce 


p 


Antarctica 





Eocene Early Oligocene 


FIGURE 15-24 The separation of Australia from Ant- 
arctica at the end of Eocene time allowed a cold current 
to form along the margin of Antarctica, deflecting a 
warm current from the region. (After J. P. Kennett and 
C. C. von der Borch, Initial Reports of the Deep Sea 
Drilling Project 90:1493- 1517, 1986.) 


latitudes. When Australia broke away and drifted 
northward, a cold current formed between the 
two continents, deflecting the warm current that 
flowed toward Antarctica from Australia (Figure 
15-24). This was the first change to cause cooling 
in Antarctica. Then, during the Oligocene Epoch, 
the circumpolar current (Figure 2-20) became 
fully established near the sea surface despite the 
fact that a continental connection remained be- 
tween Antarctica and Australia. Thus Antarctica 
and the waters adjacent to it, being largely iso- 
lated in a polar position, cooled down even more. 

In response to this cooling, the first sea ice 
began to form around Antarctica near the end of 
the Eocene. Waters of near-freezing temperature 
sank to the deep sea and spread northward, form- 
ing the psychrosphere. The direct result was an 
extinction of bottom-dwelling foraminifera and 
larger inhabitants of the deep seafloor adapted to 
temperatures well above freezing. At the same 
time, climates deteriorated throughout the world. 

The global climatic change may have resulted 
almost entirely from the spread of cool polar 
waters toward the equator. It is also possible, 
however, that for some currently unknown reason 
there was a decrease in the greenhouse effect of 
Earth's atmosphere. 

Changes in oxygen isotopes within seawater, 
as recorded in fossil foraminifera, reveal that ice 
built up on Antarctica during Oligocene time. 
Once the Antarctic cooling system" was in place, 
the mean annual temperatures at high latitudes 
never again reached their Eocene levels; in fact, 
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FIGURE 15-25 Changes in the pattern of rifting in North America but continucd between Greenland and 


the North Atlantic during the Cenozoic Era. In mid- Eurasia, where it persists today. (After E. M. Herron 
Paleogene time, rifting ceased between Greenland and et al., Geology 2:227-280, 1974.) 


This corridor remained open throughout Paleo- 
gene time, allowing mammals and land plants to 


migrate between Asia and North America. As we ib SINE 
will see, however, inundations of the sea during Neogene 

the Neogene Period frequently prevented the ex- ee 

change of species between the old and new Paleogene 


Laramide 


worlds. Chapter 16 will show, however, that 
humans first reached the Americas by crossing the 
Bering land bridge during its most recent interval 


of existence, more than 10,000 years ago. Cretaceous 
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Tectonics of Western North America 


Mountain-building activity in the Cordilleran re- Jurassic 
gion of North America continued into the Paleo- 
gene Period, but with a number of changes. Fig- 
ure 15-26, which summarizes the orogenic 
history of the eastern Cordilleran region, shows 
that the Sevier episode spanned almost the entire 
Cretaceous Period. In latest Cretaceous time, Permian 
however, a different style of tectonic activity was 
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FIGURE 15-26 Summary of major orogenic events in 
the eastern Cordilleran region. Between Jurassic and 
Paleogene time, orogenic activity migrated eastward 
(see Figure 14-34). 
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Laramide FIGURE 15-27 Geologic features of western North 


orogeny 


America during Eocene time. Subduction continued 
along the west coast. Marine sediments were deposited 
in the Great Valley of California, and deep-water sedi- 
1 ments and volcanics accumulated in a forearc basin to 
Moo the north in Washington and Oregon. Farther inland in 
۱ old-and-thrust belt 
۱ the north and south, the Laramide orogeny produced a 
| - band of volcanism and, farther inland still, a belt of fold- 
۱ EN . ing and thrusting. In Colorado and adjacent regions, 
however, the orogeny was expressed as a series of crys- 
talline uplifts that extended far to the east of the Cre- 
Absaroka Range taceous Sevier orogenic belt. They may have formed by 
a slight clockwise rotation of the Colorado Plateau in re- 
lation to the continental interior. 
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à "s EUM initiated in the American West. This activity per- 
۱ " sisted through the Paleocene and well into Eocene 
Y Colorado time. 
/ ۰ The Laramide Orogeny The episode character- 


ized by the new tectonic style is known as the 
Laramide orogeny. The northern and southern 
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FIGURE 15-28 The Lewis Thrust Fault in the Lara- half of the mountain is formed of Precambrian rocks that 


mide fold-and-thrust belt of the northern Rockies. In were thrust over the lighter-colored rocks below, which 
this view the fault is exposed in the side of Summit are of Cretaceous age. (U.S. Geological Survey.) 


Mountain, Glacier National Park, Montana. The upper 
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FIGURE 15-29 Formation of the Olympie Range in an 
embayment of the Pacific border of the state of Wash- 
ington. Subduction piled sediments against basaltic 
rocks. (After D. E. Kari and G. F. Sharman, Geol. Soc. 
Amer. Bull. 86:377-389, 1975.) 
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FIGURE 15-30 Geologic features associated with the 
Laramide uplifts of Colorado and adjacent regions at 
the end of Early Eocene time. The cores of major up- 
lifts consist of Precambrian crystalline rock. The Green 
River Formation, which is well known for its oil shales 
and splendid fossils, was accumulating in the Green 
River and Uinta basins. To the north, volcanism formed 
the Absaroka Mountains, where Yellowstone Park is 
now located. The Black Hills of South Dakota represent 
the easternmost uplift. 
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A similar pattern of tectonism persisted both in 
the southern United States and in Mexico. 

The unusual features of the Laramide orogeny 
were in the central part of the western United 
States, where a broad area of tectonic quiescence 
extended from the Great Valley of California to 
the Colorado Plateau (Figure 15-28). East of this 
inactive region there was a strange pattern of tec- 
tonism in which large blocks of underlying crys- 
talline rock were uplifted in a belt extending from 
Montana to Mexico. The largest of these blocks 
were centered in Colorado, where the Ancestral 
Rocky Mountains had been uplifted more than 
200 million years earlier, late in the Paleozoic Era 
(p. 328). 


The Pattern of Subduction What created the un- 
usual tectonic pattern that characterized the cen- 
tral part of the Cordilleran region during thc Lar- 
amide orogeny? Note that the Paleogene uplifts 
were, for the most part, positioned well to the east 
of Sevier orogenic activity (Figure 15-27), and 
recall in addition that an eastward migration of 
orogenic activity culminating in the Sevier orog- 
eny had taken place during the Mesozoic Era. The 
widely favored explanation for the earlier east- 
ward shift applies to the Laramide shift as well: A 
central segment of the subducted plate that 
passed beneath North America began to pene- 
trate the mantle at a still lower angle, extending a 
great distance eastward before becoming deep 
enough to melt and to create igneous activity 
within the overlying crust (Figure 14-34). 

Farther west, along the coast, the Great Valley 
of California continued to receive marine sedi- 
ment, while northern California and the Sierra 
Nevada region remained as highlands. A separate 
basin in Washington and Oregon received deep- 
water sediments and layers of pillow lava. Here 
the Olympic Range began to form along a sharp 
inward bend of the subduction zone (Figures 
15-277 and 15-29). 


The Eastern Uplifts and Basins The eastern belt 
of uplifts stretches from Montana to New Mexico. 
Because this is the region in which the central and 
southern Rocky Mountains developed during 
Neogene time, Paleogene events that preceded 
the uplift of this segment warrant special atten- 
tion. Deformation here began in latest Cretaceous 
time with the origin of north-south-trending 
ranges and basins (Figure 15-30); in Utah and Wy- 
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the Green River deposits — the largest body of 
ancient lake sediments known — may eventually 
serve as a valuable source of fuel. The fine undis- 
turbed lamination of the Green River lake depos- 
its accounts for the remarkable preservation of a 
host of animal and plant fossils, including delicate 
creatures such as bats (Figure 15-7), frogs (Figure 
15-15), and insects (Figure 15-16). 


The Yellowstone Hot Spot Another interesting 
group of rocks found in the region of Paleogene 
basins and uplifts are the volcanics that form the 
Absaroka Range in western Wyoming and Mon- 
tana. A large portion of Yellowstone National 
Park lies within the Absarokas; here the still- 
active geysers and hot springs serve as evidence 
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IGURE 15-31 Petrified stumps standing upright in 
the Absaroka voleanies at Specimen Ridge, Yellowstone 
National Park. Some logs here have diameters of about 
] meter (~3 feet). (National Park Service, U.S. Depart- 
ment of the Interior.) 


oming these structures lay along the eastern mar- 
gin ofthe northern fold-and-thrust belt. The uplift 
farthest to the east formed the Black Hills of South 
Dakota (p. 232). In Colorado, many ranges were 
formed by the elevation of large bodies of rock 
along thrust faults. It has been suggested that 
these uplifts were produced by a slight clockwise 
rotation of the Colorado Plateau, which behaved 
as a rigid crustal block, absorbing some of the con- 
vergence along the subduction zone to the west 
(Figure 15-27). 

Today, of course, many peaks and ridges of the 
central and southern Rocky Mountains stand at 
very high elevations; the Front Range uplift, for 
example, rises far above the high plains of eastern 
Colorado (Figure 12-35). It is inappropriate, 
however, to evaluate the effects of the Laramide 
orogeny simply by viewing the Rocky Mountains 
today, because, as we will see, the high elevations 
of the modern Rockies reflect post-Laramide 
uplift. During the Laramide orogeny, erosion 
nearly kept pace with uplift in most areas of the 
United States, so that the regional topography re- 
mained less rugged than it is today. Basins in front 
of elevated areas were receiving large volumes of 
rapidly eroding material. 

By the end of Early Eocene time the regional 
north-south pattern had weakened, and individual 
basins were experiencing independent histories. 
Most of these basins received alluvial and swamp 
deposits with abundant fossil mammal remains, 
and at times some were occupied by lakes. Near 
the beginning of Eocene time, sediments of the 
Wasatch Formation were laid down in and around 
rivers and swamps within the Bighorn, Green 
River, and Uinta basins. 

Later in Early Eocene time, lakes came to 
occupy most of the areas within the basins, and 
these lakes survived, sometimes at reduced 
size, throughout much of Eocene Epoch (Figure 
15-30). The famous Green River deposits accu- 
mulated in and around their margins. Plant 
remains in these sediments, including fossil palms, 
reveal that climates in this region were much 
warmer in Eocene time than they are today, 
being subtropical at times. These lake deposits, 
which are extremely well laminated, have com- 
monly been termed oil shales, because algal mate- 
rial within them has broken down to yield vast 
quantities of petroleum. Unfortunately, this pe- 
troleum is disseminated throughout the rock and 
thus has proved difficult to extract. Nonetheless, 
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Fossil palm frond from the Eocene Green River Forma- 
tion of Wyoming, far north of where palms live today. 
(Chip Clark.) 


indeed they were warmer at all. If they had risen as 
much as temperatures at high latitudes, few plants 
or animals could have tolerated the heat. Instead, 
the temperature gradients from the equator to the 
poles were relatively gentle, because ocean currents 
transferred an enormous amount of heat toward the 
poles. It is even possible that so much warm water 
flowed away from the low latitudes that equatorial 
regions were slightly cooler than they are today. 
The tropical and subtropical zones of the Eocene 
world were so broad that Earth's average tempera- 
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catastrophic, destroying entire forests and, we 
must assume, the animal life within them. Fos- 
silized leaves, needles, cones, and seeds reveal the 
presence of lowlands with subtropical vegetation. 
Today the remnants of the Eocene forests can be 
seen at high elevations in Yellowstone National 
Park, where trees are preserved upright as stumps 
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Box 15-1 
Global Warming in the Eocene 


Just how warm was the Eocene world? This ques- 
tion is especially pertinent as we contemplate the 
substantial warming that humans will soon inflict 
on Earth by adding carbon dioxide to the atmosphere. 

The climatic history of England tells us that 
warm conditions spread to very high latitudes dur- 
ing the Eocene. Today England has a stable but 
relatively cool climate. It lies farther north than any 
American state but Alaska. ۱۲ was similarly posi- 
tioned during Early Eocene time, yet it was cloaked 
by a tropical jungle that shared many taxa with the 
modern equatorial region of Malaysia. Needless 
to say, England has never been this warm again. 

Even more northerly regions were bathed in 
balmy climates during the Eocene. Fossil palm 
leaves are known from as far north as southern 
Alaska. These palms were part of a diverse sub- 
tropical flora that spread from Asia around the 
northern rim of the Pacific to North America as 
northern climates heated up early in the Cenozoic 
Era 

An especially interesting Eocene flora comes 
from Ellesmere Island, which lies well within the 
Arctic Circle, north of eastern Canada. Even this 
biota is subtropical, sharing many taxa with Eocene 
biotas of western North America and Eurasia. Late 
in the Eocene, more than 40 percent of the plant 
species of the Ellesmere flora had leaves with 
smooth margins —an indication that the average 
temperature resembled that of southern California 
today. Also present were large tortoises and alliga- 
tors, which require warm winter temperatures. On 
Ellesmere Island today, temperatures hover around 
— 18°C (about 0°F) throughout the year. In late 
Eocene time, however, the island remained above 
freezing even in winter. 


Temperatures near the equator were not much ` 


warmer during Eocene time than they are today, if 


that igneous activity has not ceased completely. 
Recall that Yellowstone seems to represent a hot 
spot in which igneous activity islocalized (p. 149). 
During Eocene time this area stood at the eastern 
margin of the volcanic belt of the Pacific North- 
west (Figure 15-27). Volcanism at this time was 
episodic, and all of the volcanic episodes were 
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FIGURE 15-32 Succession of 27 petrified forests now 
exposed along the Lamar Valley in Yellowstone Na- 
tional Park. Each of these Eocene forests was destroyed 
by volcanic eruption. (After E. Dorf, Scientific American, 
April 1964.) 


Washington. In addition, most of the depositional 
basins that lay between Montana and New Mexico 
were filled with sediment by the end of Eocene 
time. The Laramide orogeny was completed, and 
the uplands that it had produced were largely lev- 
eled; thus, as the Oligocene Epoch dawned, a mo- 
notonous erosion surface stretched across western 
and central North America, interrupted by only a 
few isolated hills. 


The Present-Day Rockies Where, then, did the 
modern Rocky Mountains come from? As we will 
see in Chapter 16, the Rockies are the product ofa 
renewed uplift during Neogene time. In many 
areas in the Rockies today, a person can look into 
the distance and view a flat surface formed by the 
tops of mountains (Figure 15-33). This is what 
remains ofthe broad erosional surface that existed 


ture must have been higher than it is today, but we 
do not know how much higher. Perhaps this condi- 
tion resulted from greenhouse warming, but if so, 
we have not yet discovered what caused it. 

The greenhouse warming of the near future will 
produce climatic patterns very different from those 
of the Eocene, because the warm currents that flow 
toward the poles today are very weak. Even if, for 
some reason, warming is once again more intense 
at high latitudes than nearer the equator, the poles 
will still remain relatively cool. 

During Eocene time the temperature gradient 
was so gentle that the tropical zone stretched nearly 
halfway from the equator to the north pole and the 
subtropical zone spanned all, or nearly all, of the 
region north of the tropics. Not only is the equator- 
to-pole temperature gradient much steeper today, 
but most regions display much greater seasonal con- 
trasts in temperature. In addition, larger areas at mid- 
latitudes are perennially or seasonally arid. The re- 
sult is that a traveler to the Arctic from any point at 
the equator will encounter at least five distinctive 
floras (p. 34). 

The complex climatic and floral patterns of the 
modern world will amplify the impact of future 
greenhouse warming on life. The problem is that 
today many regions lie near boundaries between 
floras. Warming, and the changes it produces in 
patterns of precipitation, will transform the floras, 
and hence the faunas, of these numerous marginal 
regions. Some species in these regions will suffer 
from exposure to new competitors or predators, or 
from confinement to smaller habitats. Many agri- 
cultural and recreational areas will be adversely af- 
fected as well. Unfortunately, we cannot yet reliably 
predict the regional patterns of climatic and biotic 
change that various degrees of greenhouse warming 
will produce. 


buried by lavas, mud flows, and flood-deposited 
volcanic debris (Figure 15-31). More than 20 suc- 
cessive forests, all of them killed in this way, can 
be identified (Figure 15-32). 

As the Eocene Epoch drew to a close, the level 
of volcanism declined sharply in every part of the 
northwestern United States except Oregon and 
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nearly all of the highlands produced by the Laramide 

orogeny had been leveled. The subsummit surface has 
since been dissected by erosion after secondary uplift 
during Neogene time. (U.S. Geological Survey.) 


the seas withdrew to the approximate position of 
the present shoreline of the Gulf of Mexico, and 
then spread inland, but less far than they had dur- 
ing most of Eocene time. The total thickness of 
Paleogene sediments near the present coastline of 
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FIGURE 15-34 The segment of the Gulf coastal plain 
known as the Mississippi Embayment. Here marine sed- 
iments of Paleogene age were deposited farther inland 
than those of Neogene age. 
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FIGURE 15-33 The so-called subsummit surface 
formed by the flat-topped Rocky Mountains as it ap- 
pears northwest of Colorado Springs. Pikes Peak is a 
rare peak that rises high above this surface. The surface 
developed near the end of the Eocene Epoch, when 


at the end of the Eocene Epoch, but the surface 
now stands high above the Great Plains as a result 
of Neogene uplift. 

During the Oligocene Epoch, although most 
of the Laramide uplifts had been leveled, a thin 
veneer of deposits spread as far east as South Da- 
kota. The Badlands of South Dakota consist of 
rugged terrain carved mostly from Eocene and 
Oligocene deposits (p. 402). These deposits have 
yielded rich faunas of fossil mammals, and changes 
in the nature of their fossil soils reveal that aridity 
increased here, as it did in many parts ofthe world. 
Forests of Late Eocene age gave way to open 
woodlands and finally, in Late Oligocene time, to 
still drier savannahs. 


The Gulf Coast 


Unlike the Cordilleran region, the Gulf Coast of 
North America has remained an area of tectonic 
quiescence throughout the Cenozoic Era. As the 
Paleocene Epoch progressed, marine waters 
spread far inland along the Gulf for the last time 
during the Phanerozoic Eon (Figure 15-34). In 
the North Atlantic, waters spread all the way to 
the Dakotas in the form of the Cannonball Sea, 
named for a thin stratigraphic unit known as the 
Cannonball Formation. Later the seas retreated 
northward, but to the south, in the Mississippi 
Embayment, a thick sequence of Eocene marine 
sediments accumulated. In the Oligocene Epoch 
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Laramide orogeny had ended, and the mountains 
it had produced had been subdued by erosion. 


EXERCISES 


1 What groups of animals that played important 
roles in Late Cretaceous ecosystems were ab- 
sent from the Paleocene world? 


2 Which group changed more from the beginning 
of the Paleogene Epoch to the end— marine or 
land animals? Explain your answer. 


3 Which animals took the place of Mesozoic rep- 
tiles in Paleogene oceans? 


4 How does the fossil record of flowering plants 
reveal climatic change during Paleogene time? 


9 What is the psychrosphere? How and when did 
it come into being? 


6 How did the location of the Laramide orogeny 
differ from that of the Cretaceous Sevier orog- 
eny? What might explain this change? 


7 What did the region of the modern Rocky 
Mountains look like at the end of the Eocene 
Epoch? 


8 What is the origin of the geologic features that 
intrigue tourists at Yellowstone National Park? 
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the Gulf of Mexico exceeds 5 kilometers igo 
miles), largely because of the enormous quantities 
of sediment carried to the region by the Missis- 
sippi River system. The Cenozoic clastic wedge in 
this region, though largely buried, has been stud- 
ied in great detail during the successful search for 
petroleum there. 


CHAPTER SUMMARY 


1 Marine life of the Paleogene Period resembled 
that of the modern world. 


2 Plants on land also resembled those of the 
present time, except that grasses were rare until 
late in Paleogene time. 


3 Terrestrial vertebrate animals were more prim- 
itive than those of the present. Although most of 
the mammalian orders alive today existed in Pa- 
leogene time, many Paleogene families and gen- 
era are now extinct. Most species of birds were 
wading animals that resembled storks or herons. 


4 Fossil floras show that in Early Eocene time 
very warm climates extended to high latitudes. 


9 Late in Eocene time, polar regions cooled, and 
cold, dense waters began to descend to the deep 
sea to form the psychrosphere — an ocean layer 
that has persisted to the present time. 


6 Climates eooled in at least some regions during 
Late Eocene time, and cooling and drying per- 
sisted into Oligocene time. Partly as a result of 
these trends, grasslands replaced forests in many 
parts of the world. Many species became extinct 
both on the land and in the sea. 


7 Both north and south polar regions underwent 
plate-tectonic changes in mid-Paleogene time. In 
the south, Australia broke away from Antarctica, 
which was left isolated over the South Pole. In the 
north, Europe and North America moved farther 
away from Greenland. 


5 In western North America the Laramide orog- 
eny produced northern and southern fold-and- 
thrust belts that were separated by a curious zone 
of uplifts. By the end of the Eocene Epoch, the 
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The Neogene World 


Epoch, it actually began late in the Pliocene 
Epoch and presumably will continue long into the 
future. The spreading of glaciers is normally epi- 
sodic, and what is formally referred to as the Re- 
cent Epoch is almost certainly only the latest of 
numerous intervals between pulses of severe gla- 
ciation. Today ice caps in the far north remain 
poised to spread southward, as they have done 
repeatedly during the past 2 million years or so. 
All four Neogene epochs— the Miocene, 
Pliocene, Pleistocene, and Recent — were named 
by Charles Lyell, who introduced the terms in 
1833 in his Principles of Geology. Lyell distin- 
guished the epochs of the Neogene Period on the 
basis of his observations of marine strata and fossils 
in France and Italy, noting that about 90 percent 
of the molluscan species found in Pleistocene 
strata are still alive in modcrn oceans, but that 
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MAJOR EVENTS OF THE NEOGENE PERIOD 
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Adaptive Radiations in the Sea Not surprisingly, 
the most dramatic evolutionary development in 
Neogene oceans has been the expansion of a group 
of vertebrate animals—the whales. During the 
Miocene Epoch a large number of whale species 
came into existence (Figure 16-1); among them 
were the earliest representatives of the groups 
that include modern sperm whales, which are car- 
nivores with large teeth, and modern baleen 
whales, which feed by straining zooplankton from 
seawater. The specialized whales that we know as 
dolphins also made their first appearance early in 
Miocene time. 

At the other end of the size spectrum for pela- 
gic life, the globigerinacean foraminifera, which 
had suffered greatly in the mass extinction at the 
end of the Eocene, expanded again early in the 
Miocene Epoch. Neogene globigerinaceans serve 
as valuable index fossils for oceanic sediments. On 
the seafloor, evolutionary changes from Paleo- 
cene time were relatively minor. 


Expansion of Freshwater Diatoms Unlike the 
marine diatoms, which began their evolutionary 
expansion in the Mesozoic Era, the dominant 
group of freshwater diatoms, the Pennales, did not 
evolve until early in Cenozoic time. By Miocene 
time, the Pennales comprised about 2000 known 
species (Figure 16-2) and had already assumed 
the role they play today as primary freshwater 
producers both in the planktonic realm and at the 
bottoms of lakes and rivers. 


Life on the Land 


Climatic changes exerted a profound influence 
over Neogene terrestrial biotas, and the geo- 
graphic and evolutionary modifications of biotas 
preserved in the fossil record help us reconstruct 
these changes. As in Late Cretaceous and Paleo- 
gene times, flowering plant fossils represent our 
best gauge of climatic shifts. 


Flowering Plants: Climatic Deterioration and an 
Explosion of Herbs In the world of plants, the 
Neogene Period might be described as the Age of 
Herbs. Herbs, or herbaceous plants, are small, 
nonwoody plants that die back to the ground after 
rcleasing their seeds. (Defined in this way, herbs 


|. The general trend toward cooler and drier climates dur- 
ing the Miocene caused grasses, herbs, and weeds to di- 
versify and replace forests. In response, seed-eating rats 
and mice proliferated, as did modern songbirds, which 
appeared in Middle Miocene time. The largest group of 
' modern snakes, most of which prey on rodents or on 
eggs and chicks of birds, diversified a bit later. Apes ra- 
diated during the Miocene and then declined, but gave 

. rise to the Hominidae (human family) near the start of 
the Pliocene. Uplift of the Rocky Mountains and Colo- 
rado Plateau during the Miocene intensified the trend 

| toward drier conditions in the central United States. 
Similarly, uplift of the Sierra Nevada in the Pliocene 
produced arid conditions in the Basin and Range prov- 
ince, which lay in its rain shadow. North of the Basin 
and Range, massive igneous extrusions formed the Co- 
lumbia River Plain during the Miocene and the Snake 
River Plain during the Pliocene. The modern Ice Age 
began during the Pliocene, about 2.5 million years ago, 
producing major fluctuations in sea level as glaciers 
waxed and waned in the northern hemisphere. 


Pliocene strata contained fewer surviving species 
and that Miocene strata contained fewer still. It 
was not until later in the nineteenth century, how- 
ever, that glacial deposits were recognized on 
land and found to correlate with the marine Pleis- 
tocene record. 


WORLDWIDE EVENTS 


In general, the animals and plants that inhabit 
Earth today are representative of more ancient 
Cenozoic life, so once again we are dealing with a 
period that requires no special introduction. As 
we examine Neogene forms of life in the context of 
the world ecosystem, we will see how this ecosys- 
tem changed as a result of profound climatic fluc- 
tuations. Paleogeography, however, has under- 
gone little change during the brief Neogene 
interval. 


Life in Aquatic Environments 


` Charles Darwin observed long ago that inverte- 

brate life tends to evolve less rapidly than verte- 
brate life; thus the short Neogene Period has pro- 
duced only modest evolutionary changes in 
invertebrate life. 
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FIGURE 16-1 Reconstruction of the marine fauna dolphins (Eurhinodelphis — lower left); and short- 
represented by fossils of the Middle Miocene Calvert snouted dolphins (Kentriodon — upper right). Sharks 


Formation of Maryland. Representing the whale family include the six-gilled shark Hexanchus ) lower right). 


(Drawing by Gregory S. Paul.) 


were early baleen whales (Pelocetus), which strained 
minute zooplankton from the sea (center); long-snouted 


include many more plants than the few that we use 


to season our food.) Therecentsuccessofherbsis plants such as herbs and grasses, which prefer 
primarily the result of the worldwide deteriora- ^ open habitats and can withstand low rainfall (Fig- 


tion of climates during Oligocene and Miocene ^ ure 16-3). Today there are some 10,000 species of 
times, when cooler, drier conditions caused for- ^ grasses alone. 
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pete successfully against other plants to retain the 
space they invade, but they soon disperse their 
seeds to other bare areas that have been cleared 
by fires, floods, or droughts and spring up anew. 

Tectonic events caused areas in eastern 
Africa, southern Asia, western North America, 
and South America to receive less rainfall than 
they had known during the Paleocene Epoch, and 
at the same time these areas felt the effects of 
global climatic trends. The presence in the South- 
east Pacific of ice-rafted, coarse sediments of early 
Miocene age shows that by this time Antarctic 
glaciers had begun to flow to the sea. Cores of 
deep-sea sediment also reveal that the belt of si- 
liceous diatomaceous ooze that encircled Ant- 
arctica (Figure 3-36) simultaneously expanded 
northward at the expense of carbonate ooze, 
which tends to accumulate where climates are 
warmer. This polar cooling shifted the distribu- 
tion of oceanic plankton at the beginning of the 
Early Miocene Age. Ever since that time, assem- 
blages of species at high latitudes have differed 
greatly from those at low latitudes. 

Analyses of leaf margins from terrestrial floras 
of North America reveal only modest fluctuations 
during Neogene time, a trend that contrasts 
sharply with the dramatic drop in temperatures 
that marked the Eocene-Oligocene interval (Fig- 
ure 15-22). A slight cooling trend began early in 
the Oligocene Epoch, however, and continued 
until the Ice Age began, late in the Pliocene 
Epoch. During this interval, climates not only be- 
came slightly cooler but also grew drier and more 


FIGURE 16-3 A remnant of truc prairie 
in Iowa. This is the kind of grassland that 
greeted early settlers of the American 

West. ( John Shaw/Tom Stack and Assoc.) 
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FIGURE 16-2 Miocene species 
of freshwater diatoms. (C. W. 

a Andrews, U.S. Geol. Surv. Prof. 
Paper No. 683A, 1970.) 


The Compositae, an important family of herbs 
that includes such seemingly distinct members as 
daisies, asters, sunflowers, and lettuces, appeared 
near the beginning of the Neogene Period, only 
20 or 25 million years ago, yet today this family 
contains some 13,000 species, including the 
plants that ecologists refer to as weeds (p. 29). As 
any gardener knows, weeds are exceptionally 
good invaders of bare ground. They may not com- 





Of course, groups of large animals also devel- 
oped their modern characteristics during the 
Neogene Period. Among the herbivores, for ex- 
ample, the horse and rhinoceros families dwin- 
dled after mid-Miocene time in a continuation of 
the general decline of the odd-toed ungulates. 
Meanwhile, the even-toed, or cloven-hoofed, un- 
gulates expanded, especially throughthe adaptive 
radiation of both the deer family and the family 
called the Bovidae, which ineludes cattle, ante- 
lopes, sheep, and goats. The giraffe family and the 
pig family also radiated during the Mioeene 
Epoch, but the number of species in these families 
has since declined. Similarly, many types of ele- 
phants, including those with long trunks, experi- 
eneed great success during the Miocene and Plio- 
cene intervals but later declined. Today only two 
elephant species survive: the large-eared African 
elephant and the smaller, more docile Indian 
elephant — the species that is commonly trained 
to perform in circuscs. 

Carnivorous mammals also assumed their 
modern charaeter in the course of the Neogene 
Period; this group included the dog and cat fami- 
lies, both of which had appeared during Paleo- 
gene time. The bear and hyena families were 
other important Miocene additions to the carni- 
vore group. 

Many of the Neogene mammal groups ex- 
panded successfully because of the spread of sa- 
vannahs and open woodlands (Figure 16-4). Sev- 
eral radiating herbivore groups, such as the 
antelopes and cattle, included many species that 
were well adapted for long-distance running over 
open terrain and that grazed on harsh grasses with 
the aid of high-crowned, continuously growing 
teeth. Many grasses contain tiny fragments of sil- 
ica, and only eontinuously growing teeth can tol- 
erate the resulting wear. Also on the increase 
were the groups of rodents that are adapted for 
burrowing in prairies and the elephants, which 
require open country simply to move around. As 
we might expect, the diversification of herbivores 
in savannahs and woodlands in turn fostered the 
success of groups of carnivores that were well 
adapted for attacking herbivores in open coun- 
try — groups such as hyenas, lions, cheetahs, and 
long-legged dogs. 

Ultimately, however, the greatest change in 
the terrestrial ecosystem was wrought by pri- 
mates, simply because the ecologically disruptive 
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seasonal. As aresult, dry grasslands expanded into 
areas that had once been open woodlands and 
dense forests. 


Modernization of Terrestrial Vertebrates Be- 
cause we are naturally interested in the origins of 
large mammals, we often ignore the great success 
of smaller creatures. In fact, the Neogene Period 
might well be called the Age of Frogs, the Age of 
Rats and Mice, the Age of Snakes, or the Age of 
Songbirds, because all four of these groups have 
undergone tremendous adaptive radiations over 
the past few million years (see Major Events, 
p. 430). 

Many late Neogene food webs include plants, 
herbivores, and carnivores that these adaptive ra- 
diations produced. This ecologic relationship in- 
dicates that the adaptive radiations of plants stim- 
ulated those of herbivores, and that these 
radiations in turn stimulated the diversification of 
snakes. Many speeies of rats and mice dig burrows 
in dry terrain and eat the seeds of grasses and 
herbs, for example. To a large extent, the success 
of these small rodents during Neogene time re- 
sulted from that of both the grasses and the Com- 
positae and also, more fundamentally, from the 
drying and cooling of climates that favored these 
plants. Perhaps we can attribute the success of 
modern frogs and toads, whose species number 
about 2000, to their remarkable ability to cateh 
insects through the quick protrusion of their long 
tongues. In any case, the snakes have obviously 
flourished largely because of the proliferation of 
frogs and rodents; few other predators can pursue 
small rodents down their burrows without dig- 
ging. Before the start of the Neogene Pcriod, 
there were few snakes exeept for members of the 
primitive boa constrictor group. Today, however, 
the more advanced snakes of the family Colubri- 
dae include about 1400 species, many of which 
are poisonous. 

Also poorly represented bcfore Neogene time 
were the passerine birds, or songbirds and their 
relatives, which are highly conspicuous today. 
These birds have also benefited from the diversifi- 
cation of seed-bearing species of herbs but, like 
frogs, they owe some of their success to the fact 
that they are well equipped to capture flying in- 
sects. It is probable that many types of flying in- 
sects were not heavily preyed upon until groups of 
passerine birds took to the air. 
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FIGURE 16-4 Reconstruction of the so-called Hippar- 
fauna of Asia. This díverse fauna occupíed open 
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California, eastern North America, and countries 
bordering the North Sea and the Mediterranean. 
Fossil faunas and floras also reveal that global cli- 
mates during this time were more equable than 
they are today; pollen analyses, for example, indi- 
cate that southeastern England was subtropical, or 
nearly so, and that northern Iceland enjoyed a 
temperate climate. Especially in the Northern 
Hemisphere, however, this warm interval came to 
a sudden close with the start of the modern Ice 
Age, between 3 and 2.5 million years ago. Almost 
certainly the glacial interval that ensued has not 
yet ended. 


Pleistocene Continental Glaciation A wide vari- 
ety of evidence documents the recent Ice Age, 
revealing details of the timing and geographic dis- 
tribution of continental glaciation (Figure 16-5). 


1 Erratic boulders Large rocks that sit on 
Earth’s surface far from exposures of the bedrock 
from which they have broken, so-called erratic 
boulders are too large to have been transported by 
rivers, and it is difficult to imagine that any agent 
other than continental glaeiers might have trans- 
ported them (p. 428). 





FIGURE 16-5 Reconstruction of glaciers as they ex- 
isted during a typical glacial interval of the Pleistocene 
Epoch. Large continental glaciers were centered in 
North America, Greenland, and Scandinavia. (After a 
drawing by A. Sotiropoulos in J. Imbrie and K. P. Imbrie, 
Ice Ages, Enslow Publishers, Short Hills, N.J., 1979.) 
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humans belong to this group. As a group, primates 
tend to favor forests over savannahs; in fact, most 
live in trees. As we have seen, monkeys were 
present by Oligocene time; the oldest group in- 
cludes the so-called Old World monkeys, which 
now live in Africa and Eurasia. Before the end of 
the Oligocene interval, however, a distinctive 
group of monkeys reached South America. How 
they got there remains uncertain. These New 
World monkeys, which differed from their Old 
World counterparts in that most possessed pre- 
hensile (or grasping) tails, probably had a separate 
evolutionary origin. In any event, monkeys on 
both sides of the Atlantic underwent adaptive ra- 
diations during Neogene time. 

Apes, which evolved in the Old World, flour- 
ished for atime but have since declined in number 
of species. We will discuss apes and apelike ani- 
mals when we examine the origins of humans, 
which belong to the same superfamily, the Homin- 
oidea (Figure 1-6). The most recent phases of 
human evolution have taken place within the cli- 
matic context of the recent Ice Age (Pleistocene 
Epoch); therefore, before we discussthe Hominoi- 
dea, it is appropriate to examine the major global 
events of this fascinating interval of geologic timc 
and of the Pliocene Epoch that preceded it. 


Late Neogene Climatic Change 


The cooling and drying of climates in Oligocene 
and Miocene time caused grasses and weedy 
plants to expand their coverage of the land, and 
Early Pliocene time saw modest climatic changes 
as well. Late Pliocene and Pleistocene time, in 
contrast, was marked by strong, rapid climatic 
fluctuations in the Northern Hemisphere — 
changes that characterized the modern Ice Age. 


Pliocene Equability Stratigraphic unconformi- 
ties in various parts of the world indicate that at 
the very end of the Miocene Epoch, between 6 
and 5 million years ago, global sea level fell by 
perhaps as much as 50 meters (~ 165 feet). This 
drop in sealevel, as we will see, isolated the Medi- 
terranean Sea from other oceans and caused it to 
dry up temporarily. This event probably resulted 
from removal of water from the ocean by the sud- 
den expansion of glaciers in Antarctica. 

Asthe Pliocene Epoch got under way, about 5 
million years ago, sealevel rose again, leaving ma- 
rine deposits inland of coastlines in such areas as 
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FIGURE 16-6 Dark rock of the Prince Charles 
Mountains projecting above the surface of the modern 
Antarctic ice cap. Many North American mountains 


were partly buried in ice during the Pleistocene Epoch. 
(D. Parer and E. Parer-Cook/AUSCAPE International.) 


3-34). During some glacial episodes, sea level 
dropped slightly more than 100 meters (~ 330 
feet) below its present position. 

Today there remain only two ice caps of the 
sort that expanded to cover broad areas many 
times during the Pleistocene Epoch. One of these 
modern ice caps covers much of Greenland (Fig- 
ure 2-14) and the other covers nearly all of Ant- 
arctica (Figure 16-6). Today about three-quarters 
of the world’s fresh water is locked up in glacial 
ice, and most of it belongs to the Antarctic ice cap. 
It may seem impressive that glaciers now contain 
about 25 million cubic kilometers of ice, but it has 
been estimated that the volume of ice was nearly 
three times as great during glacial advances of the 
Pleistocene Epoch, with larger ice sheets averag- 
ing about 2 kilometers (~1.2 miles) thick. The 
total volume of ice has been calculated from the 
volume of water that was removed from the ocean 
to lower sea level slightly more than 100 meters. 
Shelves of ice projected into the sea, and these 
shelves, together with the icebergs and pack ice 
that broke loose from them, spread over half the 
world’s oceans. 


6 Migration of species The alternations of Pleis- 
tocene glacial and interglacial intervals have 
caused climatic belts and the floras and faunas that 
occupy them to shift over distances measured in 
hundreds of kilometers. Thus fossils of mammals 





2 Glacial till A mixture of boulders, pebbles, 
sand, and mud that has been plowed up, trans- 
ported, and then deposited by glaciers, till is diffi- 
cult to confuse with sediments deposited by other 
mechanisms, especially where it rests at Earth’s 


| surface and forms ridges known as moraines or is 


associated with outwash deposits (p. 55). Such 
moraines form much of Cape Cod, Massachusetts, 
where they extend into the marine realm. Re- 
treating glaciers commonly left terminal moraines 
behind them, and when these glaciers melted 
back, they often left shallow basins in which water 
accumulated behind the moraines. The Great 
Lakes of North America occupy such basins; they 
did not exist before the modern Ice Age. 


3 Depression of the land Earth's crust remains 
depressed in regions that lay beneath large gla- 
ciers a few thousand years ago. Hudson Bay, the 
only epicontinental sea that exists today in North 
America, occupies such a depressed region in 
eastern Canada (Figure 9-1). Scandinavia is simi- 
larly depressed because it too was burdened with 
alarge ice cap until about 10,000 years ago, when 
the crust began to rebound. 


4 Glacial scouring Glaciers smoothed the sides 
of mountains that they scraped past. Mount Mo- 
nadnock, in New Hampshire, stood partially 
above surrounding ice sheets, as some mountains 
of Antarctica do today (Figure 16-6). The lower 
part of Mount Monadnock, which was smoothed 
by flowing glaciers, stands in sharp contrast to the 
upper part, which remains rugged. Small glaciers, 
known as alpine or mountain glaciers, left their 
mark along valleys within the Rockies and other 
mountain chains, where they flowed during the 
recent Ice Age. Here the most spectacular prod- 
ucts of glaciation are U-shaped valleys that they 
sculpted from valleys that were once shaped like a 
V (Figure 9-23). 


5 Lowering of sea level One important effect of 
each major expansion of ice sheets during the 
Pleistocene Epoch was a profound lowering of sea 
level as great quantities of water were locked up 
on the land. During major glacial expansions, most 
of the surfaces that now form continental shelves 
stood above sea level. Rivers cut rapidly down- 
ward through the soft sediments of many conti- 
nental shelves to form valleys that exist today as 
submarine canyons, having been excavated fur- 
ther by submarine turbidity currents (Figure 
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shifted to the latitude of Paris. (After T. Van Der Ham- 
men, in K. K. Turekian [ed.], The Late Cenozoic Glacial 
Ages, Yale University Press, New Haven, Conn., 1971. ) 


known as Beringia, which was so designated be- 
cause it included the region of the Bering Strait. 
During glacial episodes, regression of the seas 
turned the Bering Strait into a land corridor be- 
tween Asia and North America, and it was by this 
landbridge that not only lower mammals but also 
the first humans entered the New World. Ironi- 
cally, Beringia, which was hospitable to terrestrial 
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FIGURE 16-8 The geography of Beringia during the 
most recent glacial interval (the Wisconsin, or Riss- 
Wiirm, Stage). Though positioned at a high latitude, 
Beringia was dry and free of large glaciers. (After D. M. 
Hopkins, in D. M. Hopkins [ed.], The Bering Land Bridge, 
Stanford University Press, Stanford, Calif., 1967.) 
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FIGURE 16-7 North-south migration of vegetation in 
Europe during the Pleistocene Epoch. During glacial 
intervals (lower diagram) continental glaciers spread 
southward to the vicinity of Hamburg, and tundra 


such as the muskrat, which today does not range 
south of Georgia, reveal that climates in Florida 
were cool when glaciers pushed southward into 
the northern United States. Other fossil occur- 
rences, such as those of hippopotamuses in Brit- 
ain, show that during at least some interglacial 
intervals, climates were warmer than they are 
today. 

One of the most useful fossil indicators of 
Pleistocene climates is the pollen of terrestrial 
plants. Pollen assemblages reveal climatic change 
by indicating the shifting of floras to the north or 
south. Figure 16-7 shows the southward move- 
ment of floras in Europe by about 20? latitude 
during the most recent glacial interval there. 

During glacial intervals, some mountaintops 
that stood above ice sheets served as refuges for 
plant and animal species that could not live on the 
ice. Some species that were stranded during the 
most recent glacial advance could not migrate 
across warmer lowlands when the glaciers melted 
back and thus today remain isolated from other 
members of their species, which generally live 
farther north. In On the Origin of Species Charles 
Darwin pointed to the isolation of these still- 
marooned populations as evidence of continental 
glaciation. 

Larger refuges between major centers of ice 
accumulation also existed during glacial intervals. 
The most famous of these refuges was an area 
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11 are extinct; among them are the woolly mammoth, 
the American mastodon, the long-horned bison, a lion- 
like cat, and a saber-toothed cat. (Mural by J. H. 
Matternes in the Smithsonian Institution.) 
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water and in foraminiferan skeletons. For fora- 
miniferans that live in waters cooled by such gla- 
ciation, this isotopic shift is augmented by a 
second factor: the slight elevation of the ratio of 
isotopes incorporated in foraminiferan skeletons 
with decreasing temperatures (p. 48). 

About 3.2 or 3.1 million years ago there was a 
slight increase in the ratio of oxygen 18 to oxygen 
16 inthe skeletons of planktonic foraminiferans in 
many geographic areas. This change resulted from 
a brief episode of widespread cooling, which ter- 
restrial floras also document. In northwestern Eu- 
rope, for example, several subtropical species of 
land plants, including palms, disappeared. Gla- 
ciers deposited tills in Iceland at this time. This 
climatic change signaled the beginning of the 
modern Ice Age. Nonetheless, it was reversed 
within about 100,000 years. Fossil biotas indicate 
that for the next half-million years or so, climates 
were at times quite warm again, even at high 
northern latitudes. For example, fossils revealthat 
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FIGURE 16-9 Reconstruction of the mammalian 
fauna that occupied the steppe in the Alaska portion 
of Beringia, about 12,000 years ago, during the most 
recent glacial interval. Of 61 species depicted here, 


mammals during the height of glaciation (Figures 
16-8 and 16-9), included portions of Siberia and 
Alaska — areas that we now view as inhospitable 
to most species but that happened to remain ungla- 
ciated when other parts of the Northern Hemi- 
sphere were covered with ice. 


The Chronology of Glaciation The Pleistocene 
Epoch is often thought of as the modern Ice Age, 
but the Ice Age actually began long before the end 
of the Pliocene Epoch. The most detailed chro- 
nology of the glaciation comes from oxygen- 
isotope ratios of foraminiferan skeletons pre- 
served in deep-sea sediments. In Chapter 15 we 
saw that this ratio is greatly altered by the growth 
of continental glaciers; glaciers lock up water 
preferentially enriched in oxygen 16, the lighter 
isotope, which evaporates from the ocean at a 
higher rate than the heavier isotope, oxygen 15 
(p. 416). When continental glaciers expand, the 
ratio of oxygen 18 to oxygen 16 increases in sea- 
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FIGURE 16-10 Oxygen-isotope fluctuations for plank- 
tonic foraminifera within a deep-sea core. Increases in 
the relative abundance of oxygen 18, indicated by shifts 
of the graph toward the left, indicate buildup of ice 
sheets and cooler temperatures. Oxygen-isotope stages 
(1— 23) represent glacial and interglacial intervals. Two 
formal stages (Wisconsin and Sangamon) are shown on 
the right. The paleomagnetic time scale (left) provides 
dates for several levels in the core. (After N. J. Shackel- 
ton and N. D. Opdyke, Geol. Soc. Amer. Mem. 145, 449— 
464, 1976.) 
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sea otters occupied the Arctic Ocean. Thus it 
seems evident that large eontinental ice caps had 
not yet formed. 

Continental glaciers did come into existence 
about 2.5 million years ago. Oxygen-isotope ratios 
in planktonic foraminiferans shifted markedly at 
this time. In addition, deep-sea deposits of this age 
in the North Atlantic record the first oceurrence 
of sand grains released by melting icebergs. In 
other words, continental glaciers were now flow- 
ing to the North Atlantic, releasing sediment- 
laden blocks of ice. Terrestrial floras underwent 
dramatic changes as well. About 2.5 million years 
ago, northwestern Europe lost the last of many 
subtropical plant taxa that it had shared with 
Malaya earlier in Pliocene time. It was not only 
cooling of climates that affected floras, but also 
increased aridity. Many regions became drier be- 
cause sea level fell as continental glaciers ex- 
panded, and broad continental areas came to lie 
far from oceans that had once supplied them with 
moisture. 

Tills of Late Pliocene and Pleistocene age pro- 
vide a poor chronology of the pattern of glacia- 
tion, for two reasons. First, the tills can seldom be 
dated directly; generally they lack both guide fos- 
sils and radioactive materials that might be used 
for absolute dating. Second, most tills have been 
obliterated by advances of glaciers after they were 
deposited. Far more revealing are the oxygen-iso- 
tope ratios of planktonic foraminiferans, which in- 
dicate that there were major expansions and con- 
tractions of glaciers throughout the Ice Age. 
Oscillations of ice sheets produced, at their ex- 
tremes, what are termed glacial maxima and gla- 
cial minima (Figure 16-10). Today we live during 
the glacial minimum established when glaciers 
melted back between about 15,000 and 10,000 
years ago. The most recent glacial maximum oc- 
curred between about 35,000 and 10,000 years 
ago, during the Wisconsin Stage. During this gla- 
cial maximum, sea level dropped to at least 100 
meters (~ 330 feet) below its present level. This 
interval was preceded by the Sangamon glacial 
minimum, about 125,000 years ago, when sea 
level stood slightly higher than it does today. 


The Nature of Glacial Expansions and Contrac- 
tions Because of its relative recency, the last in- 
terval of glacial expansion (the late Wisconsin) has 
left the best record of glacial deposits. Further- 
more, since this interval extended from about 
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radiocarbon technique define lobe positions. (After D. S. 
Fullerton, Quat. Sci. Rev. 5:23- 36, 1986.) 


associated with particular temperatures, and 
these temperatures, combined with information 
on the distribution of terrestrial floras and faunas, 
have made it possible to map the distribution of 
Pleistocene vegetation and environments on land 
(Figure 16-12). 

During the Wisconsin glacial interval, north- 
south temperature gradients steepened in the 
Northern Hemisphere both in shallow seas and on 
land. Winter temperatures fell only slightly in 
most tropical areas but plummeted at latitudes 
north of 30? in the Northern Hemisphere. Other 
patterns of climatic change, however, were more 
complex. Some areas that lay only a few degrees 
south of continental glaciers, for example, became 
much wetter than they are today. Among them 
was the Great Basin in the American West, which 
drew rainfall from glaciated terrains to the north 
and accumulated numerous lakes in areas that are 
now arid (Figure 16-13). Subtropical deserts, 
such as portions of the Sahara near the Mediterra- 
nean, also became wetter in their northern re- 
gions. In contrast, environments of low rainfall — 
steppes, semideserts, savannahs, and dry grass- 
lands — stretched in a broad belt across Eurasia 
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FIGURE 16-11 CGlacial lobes in the Great Lakes re- 
gion 14,800 years ago. Terminal moraines dated by the 


35,000 to 10,000 years ago, its organic deposits, 
including fossilized wood, are well within the 
range of radiocarbon dating. Detailed strati- 
graphic studies in the region of the Great Lakes 
have revealed that the late Wisconsin glacial ad- 
vance was a complex event, consisting of pulses of 
glacial expansion separated by partial retreats. In 
addition, individual lobes of the North American 
ice sheets did not always expand and contract at 
the same rate. Ultimately, however, all the glacial 
lobes retreated into large basins that became the 
Great Lakes when the ice sheets melted back into 
Canada (Figure 16-11). 

A major international project called CLIMAP 
was formed in 1971 to reconstruct the oceano- 
graphic conditions and climates that character- 
ized the late Wisconsin glacial interval. Many of 
CLIMAP's conclusions have been based on stud- 
ies of the geographic distributions of fossil plank- 
tonic foraminifera and calcareous nannoplankton 
that have been obtained from deep-sea cores but 
represent species that remain alive today. Knowl- 
edge of the environmental requirements of these 
planktonic species has permitted paleontologists 
to reconstruct the distributions of water masses 
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they still managed to survive in North America, 
where southward migration to Florida and Cen- 
tral America remained unimpeded. 

Antarctica, which was positioned over the 
South Pole, accumulated a continental glacier 
long before the beginning of the Pleistocene 
Epoch, but the isolation of this island continent 
after the breakup of Gondwanaland prevented its 
glaciers from spreading over a vast continental 
areain the manner ofthe late Paleozoic glaciers of 
Gondwanaland. Nonetheless, snow and ice accu- 
mulated over the southern tip of Africa, an eastern 
segment of Australia, and a large part of southern 
South America (Figure 16-12). A large lake occu- 
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FIGURE 16-12 Geographic features reconstructed 
from the height of the most recent glacial interval, 
about 18,000 years ago, when sea level was about 85 
meters (~ 280 feet) below its present level. Tempera- 


south of glaciers. At the same time, the tropical 
rain forests of South America and Africa, which lay 
relatively far from the lowered oceans, shrank 
back in areas where drying conditions came to 
prevail, eventually giving way to vegetation that 
required less moisture. 

In Europe the Alps and the Pyrenees devel- 
oped glaciers of their own under the cold climatic 
conditions, and the east-west trend of these cold 
barriers blocked the southward migration of many 
species that were moving ahead of continental 
glaciers advancing from the north. Many forms of 
life, such as magnolia trees, were caught in this 
glacial trap and disappeared from Europe, but 
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FIGURE 16-14 The Atlantic Ocean today and during 
the most recent Pleistocene glacial interval. 


cooling generates glacial ice, this ice reflects more 
sunlight than was reflected before the glacier de- 
veloped, and this leads to further cooling. The 
glacier then expands, so even less sunlight is ab- 
sorbed; and so on. In the same manner, climatic 
warming melts ice, resulting in exposure of light- 
absorbing land, which produces even more warm- 
ing. When we ask why glaciers expand and con- 
tract, then, to a large extent we are asking why a 
new trend (expansion or contraction of ice) gets 
started. A small change in climatic conditions can 
ultimately have an enormous effect. 
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FIGURE 16-13 Locations of glaciers and lakes in the 
United States during the most recent glaciai interval. 
Lake Agassiz and the ancestral Great Lakes formed to 
the south of the continental glacier as it retreated north- 
ward near the end of the glacial interval. (C. B. Hunt, 
Natural Regions of the United States and Canada, W. H. 
Freeman and Company, New York, 1974.) 


pied central Australia, and much of this continent 
was wetter and more heavily vegetated than it is 
today. 

Three large glacial centers developed in the 
Northern Hemisphere — one in North America, 
one in Greenland, and one in Scandinavia (Figure 
16-5). Because the northern Atlantic Ocean was 
adjacent to these three glacial centers, it was more 
profoundly affected by the Pleistocene glaciers 
than any of the world’s other major oceans except 
the Arctic, and land areas adjacent to the Atlantic 
also suffered marked climatic change. During gla- 
cial intervals, pack ice must have choked large 
areas of the North Atlantic (Figure 16-14), just as 
it now occupies bays adjacent to northern Canada. 
Farther south, along the east coast of North Amer- 
ica, glaciers flowed southward to New Jersey, and 
tundra occupied what is now Washington, D.C. 


The Causes of Glaciation What factors have 
brought about Pleistocene glaciation? When we 
consider this question, it is important to under- 
stand that both the expansion and the contraction 
of glaciers are unstable processes; once either 
process has begun, it usually accelerates automat- 
ically. Ice reflects a much greater percentage of 
warming sunlight than land or water does: Its al- 
bedo is higher. So if a small amount of climatic 








Earth’s axis of rotation. The axis is always tilted 
slightly away from vertical with respect to the 
plane of Earth’s orbit around the sun, but the 
angle of tilt oscillates through time, with a perio- 
dicity ofabout 41,000 years. At the point in the tilt 
cycle when the axis is farthest from vertical, the 
polar regions are aimed most directly toward the 
sun during the summer and receive a maximum 
amount of sunlight and solar heating. 

Beginning about 800,000 years ago, glacial 
oscillations became less frequent, shifting to a pe- 
riodicity of 90,000 to 100,000 years. This new 
periodicity appears to have corresponded to 
changes in the shape of Earth’s orbit. These 
changes result from oscillations in the gravita- 
tional pull of other planets on Earth, which have a 
periodicity of about 92,500 years. When the orbit 
changes so as to bring Earth closest to the sun, it 
receives more solar heat than it does when it is 
farther away. It is not known why, about 800,000 
years ago, Earth's orbital oscillations came to gov- 
ern the expansion and contraction of glaciers, 
overshadowing the tilt cycle. 

Astronomical arguments have been carried 
even further in attempts to explain smaller-scale 
climatic cycles, such as changes in sea level. Tho- 
rium dating of coral reefs that now stand about 6 
meters (~20 feet) above sea level has revealed 
that the world's oceans stood much higher about 
125,000 years ago than they do today. Sea level 
subsequently dropped but rose quickly about 
105,000 years ago, and then it dropped and rose 
once more about 82,000 years ago. The second 
and third high stands were lower than the first, but 
it is not known precisely how far sea level fell in 
between the high stands. Terraces formed by reef 
growth are found at many localities, including 
New Guinea (Figure 16-15), Barbados (an island 
in the West Indies), and the Florida Keys. They 
appear to record minor oscillations that occurred 
during a single larger oscillation — the major in- 
terglacial interval known as the Sangamon. 

It has been suggested that the minor oscilla- 
tions recorded in the fossil-reef terraces represent 
an astronomical cycle known as the precession of 
the equinoxes. Precession is a slight wobble in the 
axis of Earth's rotation caused by the gravitational 
pull exerted by the sun and the moon on this 
planet. The wobble causes each of Earth's hemi- 
spheres to experience its longest and shortest days 
at a different position in its elliptical orbit each 
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What might have initiated the Ice Age is a 
question that geologists have not been able to re- 
solve with any degree of certainty. The formation 
of ice earlier in geologic history can be attributed 
partly to the movement of continents across poles; 
whereas polar seas are often warmed by the ex- 
change of water with warmer regions, a large 
landmass centered over a pole tends to become 
quite cold. Apparently it is no coincidence that the 
major ice caps of both the Ordovician Period (Fig- 
ure 10-30) and the late Paleozoic (Figure 12-22) 
developed at times when large continents were 
passing over the South Pole. The Pleistocene Ice 
Age, in contrast, was focused in the Northern 
Hemisphere, with the North Pole itself centered 
in the Arctic Ocean. It is true that the North Pole 
was partly isolated from warmer oceans by neigh- 
boring landmasses, but this condition existed for 
millions of years before ice sheets formed and 
does not in itself provide the answer. 

It has been suggested that the sudden eleva- 
tion of mountain ranges might have triggered the 
Ice Age by creating high-altitude mountain gla- 
ciers that expanded by reflective cooling and 
eventually lowered global temperatures. It has 
also been hypothesized that a reduction in the 
sun's energy output or a decrease in the green- 
house effect of Earth's atmosphere might have led 
to theIce Age. These conjectures are neither sup- 
ported nor refuted by existing evidence. Perhaps 
the most reasonable idea yet put forward to ex- 
plain the onset of glaciation is that when the Isth- 
mus of Panama formed, about 3.5 million years 
ago, the Gulf Stream was strengthened by the 
northward deflection of the equatorial current. 
Moisture that the warm Gulf Stream waters thus 
supplied to northern regions led to an increase in 
snowfall here and to a buildup of ice caps. We will 
return to this idea when we review Neogene 
events in the Atlantic Ocean. 


Glacial Cycles Just as interesting as the cause of 
the modern Ice Age is the source of the glacial 
oscillations that have characterized the Ice Age 
since its inception. It is now generally agreed that 
changes in Earth's relationship with the sun have 
caused these oscillations. Figure 16-10 indicates 
that these oscillations were more frequent during 
the early part of the Ice Age than later on. 

Early in the Ice Age, glacial oscillations seem 
to have corresponded to the so-called tilt cycle of 
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sent interglacial epochs, when sea level stood relatively 
high throughout the world. (A. Bloom.) 


The warm interval preceding the first of these 
cold periods peaked about 7000 years ago; global 
temperatures were warmer then than they have 
been at any time since. 

On a still smaller scale, numerous cycles are 
evident in climatic records of the last hundred 
years or so (Figure 16-16). Beginning around the 
turn of the century, the average annual tempera- 
ture at Earth's surface showed a rising trend, 
reaching a maximum rate of increase in 1938. 
Since that time the rate of change has followed a 
zigzag course downward, and the average annual 
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FIGURE 16-16 Changes in average annual tempera- 
ture over the past 100 years. (After J. M. Mitchell, in 
Energy and Climate, National Academy of Sciences, 


Washington, D.C.) 
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FIGURE 16-15 Reef-built terraces fringing the Huon 
Peninsula of New Guinea. These high terraces repre- 


year. Winter in the Northern Hemisphere is likely 
to be coldest when, on the longest day of the year 
(Tune 21), Earth happens to be positioned at the 
point in its elliptical orbit that lies farthest from 
the sun. Earth is in this position once every 22,000 
years — the time required for completion of one 
precession cycle. It is probably no accident that 
Earth's 125,000-, 105,000-, and 82,000-year-old 
high stands of sea level were also separated by 
intervals of approximately 22,000 years. Thus it 
appears that precession of the equinoxes imposes 
small-scale cycles on larger (92,500-year) cycles 
that have exerted such profound control over gla- 
ciation during the past 800,000 years. 

Climatic cycles, which are reflected in glacial 
movements, have also occurred on smaller scales. 
Between about a.p. 1500 and 1850, for example, 
the world experienced a minor episode of refrig- 
eration known as the Little Ice Age, which 
reached its peak about 1700. During this period 
such areas as Scandinavia and New England suf- 
fered bitter winters and short summers that 
caused numerous major crop failures. George 
Washington and his troops at Valley Forge were 
actually fortunate, in 1777 and 1778, to have ex- 
perienced a winter that was relatively mild for the 
times. Studies of glacial moraines show that over 
the last 10,000 years (since the last major glacial 
interval) the world has experienced three other 
cold intervals comparable to the Little Ice Age. 








Annual bands of ice are visible in this glacier in the 
Andes of South America. (Lonnie G. Thompson, Byrd 
Polar Research Institute, Ohio State University.) 


veals that, in sharp contrast, pines and oaks thrived 
in association with each other 18,000 years ago, 
during the most recent glacial maximum. While 
glaciers spread across the northeastern United 
States, trees of both kinds flourished only in a small 
region that extended northward from Florida. For 
them and for plants generally, patterns of distribu- 
tion have changed rapidly and continuously over the 
past 18,000 years. 

Other kinds of data provide a precise chronol- 
ogy of environmental change. Where climatic con- 
ditions limit growth rates of plants, annual rings in 
the trunks of very old trees provide a year-by-year 
history of climatic change. Cold conditions produce 
narrow rings because the growing season is short. 





ide to the atmosphere, is causing Earth’s climate 
to warm up considerably as a result of the green- 
house effect (p. 31). If Earth’s temperature were 
to rise by only afew degrees, the partial melting of 
glaciers would raise the oceans so high that the 
major port cities of the world would be flooded. It 
is possible that human activities are already pro- 
ducing significant greenhouse warming. The sud- 
den nature of climatic changes during the Pleisto- 
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Box 16-1 
Environmental Warnings from the Geologic Record 


The segment of the geologic record that chronicles 
the latter part of Pleistocene time has recently sur- 
prised scientists with evidence about rates and 
patterns of geographic change that had not been 
predicted earlier. As it turns out, climates have 
changed very rapidly again and again, and biologi- 
cal communities have been shuffled and reshuffled, 
rather than persisting as stable assemblages of 
species. 

Fossil pollen collected from lake deposits is an 
especially useful clue to the past. Burrowing ani- 
mals are relatively rare in lakes (p. 54), so such de- 
posits provide a nearly continuous pollen record of 
changes in nearby plant communities. Because par- 
ticular communities of plant species grow in partic- 
ular terrestrial habitats today, biologists once 
tended to assume that these communities existed 
during the Pleistocene and migrated as units when 
climates shifted. The detailed record of vegetational 
changes in North America since the most recent 
glacial maximum, about 18,000 years ago, paints 
quite a different picture. Species have not shifted in 
concert, but have changed their geographic distri- 
butions independently. The communities of to- 
day are not long-standing associations that have 
evolved a stable ecologic structure. These asso- 
ciations are momentary; they have existed only a 
short time and will change markedly in the near fu- 
ture. Consider two familiar kinds of trees, pines 
and oaks. Today in eastern North America, pines 
are concentrated in the northern Great Lakes re- 
gion and central Canada and also far to the south, 
in Florida and nearby areas. Oaks are generally 
uncommon in these two regions, but they are abun- 
dant in the zone between them. Fossil pollen re- 


temperature has dropped many times. Are we en- 
tering another Little Ice Age? Or will the trend 
reverse itself so that we will climb further out of 
the cold period that reached a climax about 1700? 
Unfortunately, attempts to answer these ques- 
tions represent little more than conjectures. 

One factor that concerns many scientists is the 
possibility that the burning of wood and fossil 
fuels for energy, a process that adds carbon diox- 
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REGIONAL EVENTS 


We will begin our regional tour of the Neogene 
Period by reviewing the history of the western 
United States, which is highlighted not only by the 
elevation of imposing mountains that form part of 
our scenery today— the Cascade Range, the 
Sierra Nevada, and the Rocky Mountains — but 
also by climatic changes that resulted from the 
uplifting of these mountains. Next we will exam- 
ine events in and around the Atlantic Ocean; 
among our topics here will be the origin of the 
modern mountainous topography of the Appala- 
chians, the uplift of the Isthmus of Panama, the 
origin ofthe Caribbean Sea, and the cooling of the 
Atlantic with the onset of the Ice Age. We will 
then review the Neogene history of the African 
continent and the famous African rift valleys, 
which have contributed valuable fossil remains of 
human ancestors. 


Development of the American West 


The pre-Neogene history of mountain building in 
the Cordilleran region, described in earlier chap- 
ters, is summarized in Figure 15-26. By late Pa- 
leogene time, uplifts resulting from the final 
mountain-building episode of the western inte- 
rior, the Laramide orogeny, had been largely sub- 
dued by erosion, which set the stage for the Neo- 
gene events that produced the Rocky Mountains. 
In the broad region west of the Rockies, the Neo- 
gene Period was atime of widespread tectonic and 
igneous activity, which built most of the moun- 
tains standing there today. 


Provinces of the American West Lying between 
the Great Plains and the Pacific Ocean are several 
distinctive physiographic provinces that have 
taken shape largely in Neogene time, primarily as 
a result of uplift and igneous activity. Let us 
briefly review the present characteristics of these 
provinces before considering how they have come 
into being (Figure 16-17). 

The lofty, rugged peaks of the Rocky Moun- 
tains, some of which stand more than 4.5 kilome- 
ters (— 14,000 feet) above sea level, could only be 
of geologically recent origin. We have seen that 
the widespread subsummit surface of the Rockies 
was all that remained of the Laramide uplifts by 
the end of the Eocene Epoch about 40 million 


Radiocarbon dating gives approximate ages even 
or stumps of long-dead trees, whose rings then 
document rates of climatic change. Distinct annual 
ayers also extend downward in a glacier to a depth 
where the pressure of overlying ice obliterates 


| them. The layers of many glaciers are visible to the 


naked eye because a relatively large amount of dark 
dust from the atmosphere accumulates with snow 


| during the dry season every year. Where there are 

| no fresh breaks in a glacier to reveal a stratigraphic 
| record of layering, drilling can provide cores for 

` study. The isotopic composition of oxygen in ice 

- layers, like that of oxygen in marine plankton, 

| records the expansion and contraction of a glacier. 
| Annual layers in an ice core from Greenland reveal 


that the last glacial maximum gave way to warm 
conditions during the remarkably brief interval of 


_ 20 years. Similarly, an ice core from a glacier in 


the Andes of Peru indicates that the Little Ice Age 
ended in this region slightly before 1880, during an 
interval of only about 3 years. 

These revelations alert us to the possibility that 


human-induced global warming may quickly push 
the world's climates across a critical threshold. If 
‘ice shelves in Antarctica suddenly melted, for in- 


stance, sea level would rise rapidly everywhere. At 


the same time, sudden changes in patterns of pre- 
cipitation will affect agriculture and water supplies. 


Today we can predict neither the precise environ- 


mental changes that will take place when the 


world's temperature rises nor the complex effects 
that various possible patterns of environmental 
change would have on life; but more detailed study 
of the environments and life of the recent past 
should improve our predictions. 


cene and the complex impact of these changes on 
biotas gives us cause for alarm as we contemplate 
our potential to alter Earth's climate (Box 16-1). 

We have been discussing how humans may be 
influencing the climate without first having dis- 
cussed where our species came from to begin 
with. After reviewing regional events of Neogene 
time, we will step back and review what is known 
about human origins. 
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sedimentary units here are not intensively de- 
formed. Some, however, are gently folded in a 
steplike pattern, and others, especially to the 
west, are offset by block faults (Figure 16-18). 
Cutting through the plateau is the spectacular 
Grand Canyon of the Colorado River (see Figure 
AII-14), but about 10 million years ago neither the 
Colorado Plateau nor the Grand Canyon existed. 
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FIGURE 16-17 Major geologic provinces of western 
North America. The map at the left shows the relations 
of the provinces to topographic features. (Topographic 


years ago (Figure 15-33). One question we must 
answer, then, is how the Rocky Mountain region 
became mountainous once again. 

Centered adjacent to the Rockies in the "four 
corners" area where Colorado, Utah, New Mex- 
ico, and Arizona meet is the oval-shaped Colorado 
Plateau, much of which stands about 1.5 kilome- 
ters (—1 mile) above sea level. The Phanerozoic 


UE ج‎ 
| وج‎ us 
= T Sinn 3 
E EN pcr 


poe 


Kilometers 


e —— jg JEN‏ لا 


80 


(left) and gentle, steplike folds (right). (After P. B. King, 
The Evolution of North America, Princeton University 
Press, Princeton, N.J., 1977.) 
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FIGURE 16-18 Block diagram of the western part of 
the Colorado Plateau north of the Grand Canyon. This 
high-standing region is characterized by block faulting 
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Farther north, centered in Oregon, is a broad 
area covered by volcanic rocks of the Columbia 
River and Snake River plateaus (see Figure AI-8). 
Today the climate here is cool and semiarid; only 
about one-quarter of the plateau area is cloaked in 
forest and woodland, and sagebrush and drier 
conditions characterize about half of the terrain. 
In Oligocene time, however, lavas had not yet 
blanketed the region, and, as remains of fossil 
plants reveal, a large forest of redwood trees grew 
there. 

Along the western margin of the Columbia 
Plateau stand the lofty peaks of the Cascade Range 
(Figure 16-20). These are cone-shaped volcanoes 
that represent the volcanic arc associated with 
subduction of the Pacific plate along the western 
margin of the continent. Volcanism began here in 
Oligocene time and continues to the present, as 
the recent eruptions of Mount St. Helens attest 
(Figure 1-1). 

The Cascade volcanic belt passes southward 
into the Sierra Nevada Range, a mountain-sized 
fault block of granitic rocks. The plutons forming 
the Sierra Nevada were emplaced in east-central 
California during Mesozoic time, before igneous 
activity at this latitude shifted inland. As we will 
see, however, the present topography of the 
Sierra Nevadaisof Neogene origin. This mountain 
range is unusual in that, throughout its length of 
some 600 kilometers (—350 miles), it is not 


FIGURE 16-20 Mount Rainier above 
Mount Stewart, two of the high peaks 

of the Cascade Range in Oregon. (Art 

Wolfe.) 


WV mL c7 LEE ims: 5 
NZA NE" 


FIGURE 16-19 The possible pattern of the block fault- 
ing in the Basin and Range Province that might have 
been responsible for lateral extension of the crust. 


The origin of these features forms another part of 
our story. 

West of the Rockies and the Colorado Plateau, 
within the belt of Mesozoic orogeny, lies the Basin 
and Range Province (Figure 16-17). Thisis an area 
of north-south-trending block-fault valleys and 
intervening ridges (Figure 16-19)—features of 
Neogene origin. A large area of this province 
forms the Great Basin, an arid region of interior 
drainage (p. 56). Volcanism has been associated 
with some faulting episodes, and sediment eroded 
from the ranges blankets the valleys to depths 
ranging from a few hundred meters to about 3 
kilometers (~2 miles). The thickness of Earth's 
crust in the Basin and Range Province ranges from 
about 20 to 30 kilometers, in contrast to thick- 
nesses of 35 to 50 kilometers in the Colorado 
Plateau. The thinning and block faulting in the 
Basin and Range Province point to extension ofthe 
crust by at least 65 percent and perhaps by as 
much as 100 percent. 





Great Valley of California to the west (Figure 
16-21). The Great Valley is an elongate basin con- 
taining large volumes of Mesozoie sediment (the 
Great Valley Sequence; see Figure 13-35) eroded 
from the plutons of the Sierra Nevada region long 
before the modern Sierra Nevada formed by block 
faulting (Figure 13-34). Resting on top of these 
sediments are Cenozoic deposits, some of which 
accumulated during marine invasions of the Great 
Valley and others during times of nonmarine 
sedimentation. 

West of the Great Valley are the California 
Coast Ranges, which consist of slices of crust that 
include crystalline rocks representing Mesozoic 
orogenic activity, Franciscan rocks of deep-water 
origin (Figure 16-22), and Tertiary rocks. To the 
south, the Transverse and Peninsular ranges are 
formed of similarly faulted and deformed rocks, 
but these ranges lie inland of the main belt of 
Franciscan rocks in the region of intensive Meso- 
zoic igneous activity. Striking features of all of 
these mountainous terrains are the great faults 
that divide the crust into sliver-shaped blocks. 
The longest and most famous of these faults is the 
San Andreas, which extends for about 1600 
kilometers (1000 miles). Until the great San Fran- 
cisco earthquake of 1906, it was not widely recog- 
nized that the San Andreas was still active. The 
earthquake of 1906 was produced by a sudden 
horizontal movement of up to 5 meters (~ 16 feet) 
along the fault. Geologic features cut by the San 
Andreas Fault show that its total movement dur- 
ing the past 15 million years has amounted to 
about 315 kilometers (190 miles). Continued 
movement at this rate for the next 30 million years 
or so would bring Los Angeles northward to the 
latitude of San Francisco—through which the 
fault passes. As we will see, the faulting and uplift- 
ing of the Coastal Ranges of California are proba- 
bly related not only to the Neogene uplift of the 
Sierra Nevada but also to the origins of the Basin 
and Range topography to the east. 

The Olympic Mountains of Washington have 
quite a different history. These relatively low 
mountains, which lie to the west of the Cascade 
Volcanics, consist of oceanic sediments and vol- 
canics that were deformed primarily during Eo- 
cene time in association with subduction along the 
continental margin (Figure 15-29). 


Development of the American West: The Mio- 
cene Epoch Geologic features of the far west in 
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breached by a single river. This is why it repre- 
sented such a formidable obstacle to early pio- 
neers attempting to reach the Pacific. 

The Sierra Nevada Range stands between the 
Basin and Range Province to the east and the 
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FIGURE 16-21 The Sierra Nevada fault block of Cali- 
fornia and Nevada. Sediments of the Great Valley lap 
onto the gentle western slope of the Sierra Nevada. 
(After C. B. Hunt, Natural Regions of the United States 
and Canada, W. H. Freeman and Company, New York, 
1974.) 
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FIGURE 16-22 Major geo- 

logic features of California. 

300 The Franciscan terrane was 
attached to the coast late in 
the Jurassic Period (Figures 
13-37 and 13-38). The many 
faults depicted here, includ- 
ing the famous San Andreas, 
are of Neogene Age. (Modi- 
fied from P. B. King, The 
Evolution of North America, 
Princeton University Press, 

| Princeton, N.J., 1977.) 
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Before the Sierra Nevada rose appreciably, 
the Basin and Range Province began forming to 
the east. Volcanism began during Paleogene time, 
and the Basin and Range topography began to 
form near the beginning of the Miocene. To the 
north of the Basin and Range Province, great vol- 
umes of basalt spread from fissures. Most of the 
great Columbia Plateau formed by outpourings of 
lava between about 16 and 13 million years ago 
(see Figure AI-8); individual basalt flows of this 
plateau range in thickness from 30 to 150 meters 
(— 100 to 500 feet), and in places the total accu- 
mulation reaches about 5 kilometers (— 3 miles). 

One of the most important Miocene events in 
the Cordilleran region was a broad regional uplift 
that affected the Basin and Range Province, the 
Colorado Plateau, and the Rocky Mountains. 
Today even the basins of the Basin and Range 
Province nearly all stand at least 1.3 kilometers 
(~3 mile) above sea level. Thus it is remarkable 
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Miocene time are shown in Figure 16-23. Sub- 
duction continued beneath the continental mar- 
gin in the northwestern United States, and the 
resulting volcanic arc produced peaks in the Cas- 
cade Range, where volcanism continues today. To 
the south, in California, the mid-Miocene interval 
was a time of faulting and mountain building; ele- 
ments of the modern Coast Ranges and other 
nearby mountains were raised, and the seas were 
driven westward. Meanwhile, as in Paleogene 
time, the Great Valley remained a large embay- 
ment, and during Miocene time it received great 
thicknesses of siliciclastic sediments, most of 
which were shed from the region of the modern 
Sierra Nevada. Although the block faulting that 
eventually produced the Sierra Nevada did not 
begin until Pliocene time, volcanoes of the south- 
ern end of the Cascade Island Arc were shedding 
sediments westward, from the position where the 
Sierra Nevada later stood. 





FIGURE 16-23 Geologic features of western North 
America in Miocene time. West of the San Andreas 
Fault, coastal southern California lay farther south than 
it does today. The area currently occupied by the Great 
Valley of California was, for the most part, a deep-water 
basin from which a nonmarine depositional basin ex- 
tended to the north. Volcanoes of the early Cascade 
Range formed along a volcanic arc inland from the sub- 
duction zone along the continental margin. Igneous 
rocks were extruded along north-south-trending faults 
in the Great Basin, and farther north the Columbia 
River Basalts spread over a large area. (Modified from 

J. M. Armentrout and M. R. Cole, Soc. Econ. Paleont. and 
Mineral. Pacific Coast Paleogeog. Symp. 3:297 — 323, 1979.) 


Development of the American West: Plio- 
Pleistocene Time In both the Colorado Plateau 
and the Rockies, the Miocene pulse of uplifting 
was followed by a lull and then by an episode of 
renewed elevation; in fact, large-scale uplifting 
was the dominant process in the Cordilleran re- 
gion during Pliocene and Pleistocene time. 

During the Pliocene and Pleistocene epochs, 
igneous activity continued in the volcanic prov- 
inces of Oregon, Washington, and Idaho (Figure 
16-24). Many of the scenic volcanic peaks of the 
Cascades, including Mount St. Helens (Figure 
1-1), have formed within the past 2 million years 
or so. Beginning in late Miocene time and contin- 
uing sporadically to the present, the flow of basalt 
from fissures has produced the Snake River Plain, 
which amounts to an eastward extension of the 
Columbia Plateau (Figure 16-24). 

Faulting and deformation continued in Cali- 
fornia during the Pliocene and Pleistocene 
epochs. Since the beginning of the Pliocene 
Epoch, about 5 million years ago, the sliver of 
coastal California that includes Los Angeles has 
moved northward on the order of 100 kilometers 
(— 60 miles). The Great Valley has, of course, re- 
mained a lowland to the present day, but during 
Pliocene and Pleistocene time it became trans- 
formed from a marine basin into a terrestrial one. 
Early in the Pliocene Epoch, seas flooded the 
basin from both the north and the south, but as the 
epoch progressed, uplift associated with move- 
ment along the San Andreas Fault eliminated the 
southern connection. Eventually nonmarine dep- 
osition prevailed throughout the Great Valley, 
which is now one of the world's richest agricul- 
tural areas as well as a site of large reservoirs of 
petroleum. 
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that mid-Cenozoic fossil floras of this region are 
characterized by species that could have lived 
only at low altitudes. Geologists have recon- 
structed even more precise histories of uplift for 
the Colorado Plateau and Rocky Mountains by 
studying the time at which rivers have cut through 
well-dated volcanic rocks. Many of the rivers of 
these regions existed before uplift began in the 
Miocene Epoch, and they cut rapidly downward 
as the land rose, producing deep gorges. A large 
part of the Grand Canyon, for example, was in- 
cised during the rapid elevation of the Colorado 
Plateau between about 10 and 8 million years ago. 

Uplift in the Rockies began slightly earlier, in 
Early Miocene time, and terrain that now forms 
the southern Rockies has since risen between 1.5 
and 3.0 kilometers (~ 1 to 2 miles). 
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FIGURE 16-24 Geologic features of western North 
America in Pliocene time. The Great Valley of Califor- 
nía was a shallow basin that received nonmarine sedí- 
¥ ments except where a shallow sea flooded its southern 
portion. The volcanic arc continued to form volcanoes of 
the Cascade Range, and igneous rocks continued to be 
j extruded along faults ín the Great Basin. The Snake 
SM River extrusives spread over a large area of southern 
A r- Idaho west of Yellowstone. (Modified from J. M. Armen- 
x 1 trout and M. R. Cole, Soc. Econ. Paleont. and Mineral. 
ی‎ Pacific Coast Paleogeog. Symp. 3:297-323, 1979.) 
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Meanwhile, areas to the east of the Great Val- 
1 ley underwent major uplift. The Sierra Nevada 
۱ had experienced considerable tilting during Mio- 
cene time, but fossil plants of Miocene age, pre- 
served on the crest of the Sierra Nevada, were still 
types that could not have lived as much as a 
kilometer above sea level. Thus it was not un- 
til Pliocene time that the Sierra Nevada (Figure 
16-25) became elevated to its present height, 
which exceeds 4.3 kilometers (~ 14,000 feet). 
The consequences of this uplift were enormous 
for the Basin and Range Province to the east, 
where uplift continued from Miocene time on a 
smaller scale. Sitting in the rain shadow of the 
Sierra Nevada, this area, which in Miocene time 
had been covered by evergreen forests, came to 
be carpeted by savannah vegetation. This trend 
toward increasing aridity, which was com- 
Y | ۳ | سب‎ #8 pounded by the global trend toward drier cli- 

Nonmarine depositional basin ‘=a River system mates, continued info very late Neogene time, 
E U mene deposits when the Great Basin became a desert. 





FIGURE 16-25 The eastern face of the Sierra Nevada. County, Calífornia. (W. C. Mendenhall, U.S. Geological 
This is a fault scarp that is partly dissected by youth- Survey.) 
ful valleys. The view is from the Owens Valley, Inyo 


1-17). When uplifts in these areas were largely 
leveled during Eocene time, they left behind fel- 
sic roots of low density. With the weight of the 
mountains removed, these roots were apparently 
out of isostatic equilibrium, and hence they began 
to rise up toward positions of equilibrium during 
the Neogene Period. 

The elevation of the Basin and Range, with its 
block faulting and relatively thin crust, requires a 
different explanation. Basin and Range events, the 
spreading of the Columbia River Basalt, and the 
extensive faulting and folding along the California 
coast all began in Miocene time and seem to be 
rclated in some way to plate-teetonic movements 
along the Pacific Coast. 

How these movements have produeed the 
Basin and Range Province is a controversial issue. 
The most popular idea relates to the famous San 
Andreas Fault. The San Andreas is a transform 
fault (p. 128) associated with the East Paeific Rise, 
a large oceanic rift that passes into the Gulf of 
California and breaks up as it passes inland 
through thick continental crust (Figure 16-26). 
Spreading along the rise should have ceased when 
the rise came into contact with the subduction 
zone at the western boundary of the North Ameri- 
can plate; instead, movement must have been 
propagated along one or more transform faults 
such as the San Andreas, passing along the conti- 
nental margin. Crustal shearing adjacent to a 
strike-slip fault such as the San Andreas will auto- 
matically cause extensional faulting similar to that 
of the Great Basin. This hypothesis is deficient in 
one regard: It fails to aceount for the broad eleva- 
tion of the Basin and Range Province during Neo- 
gene time. 

Weare more certain about the general pattern 
of tectonism along the Pacific Coast. North Amer- 
ica encountered the Pacific plate near the begin- 
ning of the Miocene Epoch. Movements along the 
San Andreas and other faults that have formed 
since that time account for the complex slivering 
and deformation in the Coast Ranges and neigh- 
boring areas (Figure 16-22). 


The Western Atlantic Ocean and 
Its Environs 


Although the margins of the Atlantic Ocean were 
relatively quiescent during the Neogene Period, 
they did experience mild vertical tectonic move- 
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The Colorado Plateau and Rocky Mountains, 
where uplift had slowed in Late Miocene time, 
experienced rapid elevation once again. Streams 
that had been established millions of years earlier 
cut rapidly downward as the uplift proceeded. 
The Rockies attained most of their modern eleva- 
tion during Pliocene time, and the result was the 
origin of deep canyons that now carry streams 
through tall mountain ranges (Figure 12-34). The 
Colorado Plateau also rose again during Pliocene 
and Pleistocene time, and the Colorado River re- 
sponded by cutting swiftly downward. In fact, it 
appears that much of the Grand Canyon of the 
Colorado (see Figure AII-14) formed during just 
the past 2 or 3 million years. 

The renewed elevation of the Rocky Moun- 
tains left the Great Plains to the east in a partial 
rain shadow. Sediments derived from the rejuve- 
nated Rockies spread eastward, forming the Plio- 
cene Ogallala Formation. Caliche nodules are 
abundant in many parts of the Ogallala, indicating 
the presence of seasonally arid climates (p. 52). 
The Ogallala is a thin, largely sandy unit that lies 
buried under the Great Plains from Wyoming to 
Texas, and it serves as a major source of ground- 
water. Unfortunately, this is ancient water that is 
not being renewed as rapidly as it is drawn from 
Earth. As aresult, severe water shortages may one 
day strike many areas of the central United States. 

It is important to recognize that the rain- 
shadow effects of both the Sierra Nevada and the 
Rockies were superimposed on the larger global 
trend toward drier, cooler climates that has char- 
acterized the post-Eocenc world. Then, with the 
onset of the Pleistocene Epoch, frigid conditions 
brought glaciation to mountainous regions of the 
western United States just as they foster glaciation 
in Alaskan mountains today (Figure 2-15). The 
Sierra Nevada, for example, was heavily glaciated, 
as were portions of the Rocky Mountains (Figure 
16-13). Today broad U-shaped valleys in both 
mountain systems testify to the scouring activity 
of Pleistocene glaciers (Figure 9-23). 


Possible Mechanisms of Uplift and Igneous Activ- 
ity in the American West What has led to the 
many tectonic and igneous events of Neogene 
time in the American West? It seems likely that 
the secondary uplift of the Colorado Plateau and 
the Rocky Mountains, which took place long 
after the Laramide orogeny, may to a large extent 
represent simple isostatic adjustment (Figure 
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ments—and these movements, together with 
more profound changes in sea level, had major 
effects on water depths and shoreline positions. 
Global sea level has never stood as high during 
the Neogene Period as it did during much of Cre- 
taceous or Paleogene time. For this reason, Neo- 
gene marine sediments along the Atlantic Ocean 
stand above sea level in only a few low-lying areas. 
Among the most impressive of the Miocene de- 
posits found here are those of the Chesapeake 
Group, which form cliffs along the Chesapeake 
Bay in Maryland. The Chesapeake Group accu- 
mulated in the Salisbury Embayment during a 
worldwide high stand of sea level between about 
16 and 14 million years ago. The Salisbury Em- 
bayment is one of several downwarps of the 
American continental margin (Figure 16-27). In- 
habiting the waters of the Salisbury Embayment 
was a rich fauna that included many large verte- 
brates, especially whales, dolphins, and sharks 
(Figure 16-1). Most ofthe fossils of baleen whales 
represent juvenile animals, which suggests that 
the embayment was a calving ground. Perhaps 
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FIGURE 16-27 Elevated regions and depositional em- 
bayments along the mid-Atlantic coast during the Mio- 
cene Epoch. (After J. P. Menard et al., Geol. Soc. Amer. 
Northeast-Southeast Sections, Field Trip Guidebook 7a, 
1976.) 
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FIGURE 16-26 Plate-tectonic features that may ac- 
count for the Basin and Range structure in western 
North America. A. The present situation, with the 
spreading ridge known as the East Pacific Rise passing 
into the Gulf of California. The East Pacific Rise abuts 
against the North American continent and is offset west- 
ward along the San Andreas Fault (SA); it appears that 
shearing forces resulting from relative movement of 
terrain on either side of the San Andreas Fault (heavy 
arrows) pull the crust apart, producing the north-south- 
trending faults of the Basin and Range Province. B. The 
second alternative. The rift zone between the Pacific 
and Farallon plates encountered the thick crust of North 
America along the subduction zone that bordered the 
continent. Unable to pass inland, the rift was divided 
along a strike-slip fault (the San Andreas). ( Based on 

J. H. Stewart, Geol. Soc. Amer. Mem. us gor 1975 
After Atwater.) 


ern Rockies, the existing topographic mountains 
that we call the Appalachians are the product of 
secondary uplift. The Appalachian orogenic belt 
was largely leveled by erosion long before the end 
of the Mesozoic Era. In many regions there were 
three or more additional intervals of uplift and 
erosion during the Cenozoic Era. The erosion that 
followed intervals of uplift left ridges of resistant 
folded rock standing above elongate valleys, but 
when erosion was especially intense, preexisting 
rivers cut through ridges as they and their tribu- 
taries carved out the valleys (Figure 16-28). 

The timing of Mesozoic uplift in the Appala- 
chian region appears to have varied from place to 
place but remains poorly dated. It does appear, 
however, that a widespread interval of intense 
uplift in Middle Miocene time was responsible for 
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sharks were numerous because the young whales 
were especially vulnerable prey. Land-mammal 
bones are also found here and there in the Chesa- 
peake Group, indicating that the waters of the 
embayment were shallow. Pollen from nearby 
land plants settled in the Salisbury Embayment, 
leaving a fossil record that shows a warm temper- 
ate flora near the base of the Chesapeake Group 
slowly giving way upward in the sedimentary 
sequence to a flora adapted to slightly cooler 
conditions. 

The Chesapeake Group and other buried de- 
posits of earlier age to the south consist primarily 
of siliciclastic sediments shed from the Appala- 
chians to the west. Erosional features associated 
with the Appalachians reveal that these ancient 
mountains have a complex history. Like the mod- 








Piedmont 
Prong | lowland | : 


Fall Zone | 


Older Appalachians Coastal Plain 


produced the modern topography, characterized by 
ridges of resistant rocks, such as sandstone, and valleys 
of easily eroded rock, including shale. (After D. W. 
Johnson, Stream Sculpture on the Atlantic Slope, Colum- 
bia University Press, New York, 1931.) 
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FIGURE 16-28 The way episodic uplift has rejuve- 
nated topography in the Valley and Ridge Province of 
the Appalachians. A depicts the modest amount of relief 
that characterized some regions early in the Cretaceous 
Period. Later intervals of uplift and erosion (B- D) have 
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North America 


South America 


Lesser Antilles. N = Nicaragua; Y = Yucatan; C = Cuba; 
LA — Lesser Antilles. (After G. W. Moore and L. Del 
Castillo, Geol. Soc. Amer. Bull. 85:607—618, 1974.) 


The Great American Interchange 
of Mammals 


During the Pliocene Epoch the waters of the Ca- 
ribbean became separated from those of the Pa- 
cific when tectonic activity formed the narrow 
Isthmus of Panama. Deep-sea cores reveal that 
different species of planktonic foraminifera lived 
on opposite sides of the isthmus about 3.5 million 
years ago, suggesting thatthe isthmus was forming 
by this time. 

The most profound effect of the newly formed 
isthmus lay in its role as a land bridge that allowed 
mammals to migrate between North and South 
America. Before this time, although a few species 
had passed from one continent to the other early 
in the Neogene Period — perhaps by swimming or 
floating on logs —the terrestrial faunas of North 
and South America had remained largely separate 
from each other. South America had been a great 
island continent and, like Australia, was populated 
by many marsupial mammals. The marsupials of 
Australia and South America share common an- 
cestors that populated these continents as well as 
Antarctica when all three were part of a single 
Mesozoic landmass; in fact, Eocene mammal 
faunas resembling those of South America occur 
in Antarctica. By Pliocene time, however, when 
the isthmus developed, South American marsu- 
pials differed greatly from Australian marsupials, 
and the South American fauna included several 
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FIGURE 16-29 Tectonic development of the Carib- 
bean Sea as a segment of Pacific oceanic crust that has 
ovcrridden Atlantic crust along a subduction zone that 
now extends northward from South America east of the 


the erosion that produced the unusually thick de- 
posits of the Chesapeake Group in the Salisbury 
Embayment (Figure 16-27). 


Birth of the Caribbean Sea 


Although the Caribbean Sea is now an embayment 
of the Atlantic Ocean, it was once connected to 
the Pacific (Figure 16-29). During the Cretaceous 
Period, the floor of the Caribbean, which consists 
of oceanic rocks, was a small segment ofthe Pacific 
plate that was pushing toward the Atlantic, but 
during the Cenozoic Era, the Caribbean seafloor 
has lain along the north coast of South America 
while the Atlantic plate has been subducted be- 
neath it. The Caribbean plate became a discrete 
entity late in Cenozoic time, when a new subduc- 
tion zone came to connect the subduction zone 
bordering North America with the one bordering 
South America. The Greater Antilles — Cuba, 
Puerto Rico, Jamaica, and Hispaniola — represent 
an ancient mountain belt that is actually the 
southern end of the North American Cordillera. 
The Lesser Antilles represent an island arc west of 
the subduction zone, together with islands formed 
by deformation associated with subduction. The 
Yucatan Peninsula is a broad carbonate platform 
that lies to the west of the Caribbean, and, as we 
have seen, the Bahamas are an ancient carbonate 
platform lying to the north (Figure 3-29). 
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groups of placental mammals whose ancestors had 
reached the continent from the north at the be- 
ginning of Cenozoic time or even earlier. Among 
the South American marsupials present when the 
land bridge formed were members of the opossum 
family, and among the placentals were sloths and 
armadillos that dwarf their relatives in the modern 
world (Figure 5-5). 

More North American species invaded South 
America than vice versa (Figure 16-30). Among 
those that reached South America were members 
of the camel, pig, deer, horse, elephant, tapir, 
rhino, rat, skunk, squirrel, rabbit, bear, dog, rac- 
coon, and cat families. Migrating in the opposite 
direction were monkeys, anteaters, armadillos, 
porcupines, opossums, and other, less familiar 
animals. 

The formation of the Isthmus of Panama was 
associated with a Plio-Pleistocene pulse of orog- 
eny that elevated the Andean mountain ranges to 
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FIGURE 16-30 Animals that took part in the great shown in South America are immigrants from the north; 
faunal interchange between North and South America among them are rabbits, elephants, deer, camels, and 
when the Isthmus of Panama was elevated, connecting members of the bear, dog, and cat families. More ani- 
the continents. The animals shown in North and Central mals migrated southward than northward. (Drawing by 


America are immigrants from the south; they include ar- M. Hill Werner, courtesy of L. G. Marshall.) 
madillos, sloths, porcupines, and opossums. The animals 
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FIGURE 16-31 Features associated with rifting in 
eastern Africa. The Arabian plate is splitting off from 
Africa along two prongs of a three-pronged rift centered 
in an area of crustal doming, part of which forms the 
Ethiopian Dome, where extrusive rocks are widespread. 
The third prong extends into continental Africa, forming 
the rift valleys, some of which harbor large lakes. (After 
E. R. Oxburgh, in W. W. Bishop [ed.], Geological Back- 
ground to Fossil Man, Scottish Academic Press, Edin- 
burgh, 1970.) 


America. With respect to the moist winds from the 
South Atlantic, much of eastern Africa now lies in 
the rain shadow of the Kenyan Dome, east of the 
western rift. East of the eastern rift, tall volcanic 
mountains such as scenic Mount Kilimanjaro trap 
moisture from winds moving inland from the In- 
dian Ocean. In response to this vegetational 


the south by 2 to 4 kilometers (~ 1.5 to 2.5 miles). 
Large areas of South America thus came to lie in 
the rain shadow of the Andes. Dry conditions in- 
| tensified during Pleistocene glacial episodes, at 
which time parts of the great Amazonian rain for- 
| est were fragmented into small pockets separated 
| by grassland barriers or by poorly wooded areas. 
Even today some groups of rain-forest-dwelling 
birds and lizards remain clustered in the areas 
where they were concentrated during the Pleisto- 
| cene Epoch. 


Tectonic, Climatic, and Biotic Changes 
in Africa 


On the opposite side of the Atlantic, Africa under- 
went profound geographic and biotic changes re- 
lated to Neogene tectonic activity and global cli- 
matic change. The African landmass remained 
unusually stable for hundreds of millions of years, 
in part because most of its area lay well within 
Gondwanaland for a long time. Currently, how- 
ever, the strength of the African craton is being 
` tested by continental rifting, and it is not certain 
whether this great continent will survive or be 
torn asunder. 

Near the beginning of Miocene time, two 
large domes, the Ethiopian Dome and the Kenyan 
Dome, began to rise up in eastern Africa — a pro- 
cess that was followed by volcanism and crustal 
rifting (Figure 16-31). The Ethiopian Dome in the 
north was the site of the large three-pronged rift 
(triple junction) that split the Arabian Peninsula 
from the rest of Africa, allowing the Red Sea and 
the Gulf of Aden to open in Early Miocene time 
(p. 150). The southern prong was crossed by the 
western rift, which eventually propagated all the 
way to the southwestern margin of Africa. Since 
early in the Miocene Epoch, the ever-deepening 
valleys of this rift system have received large 
quantities of sediment and have also harbored 
some large lakes. 

Neogene tectonism in Africa has had impor- 
tant biotic consequences that were enhanced by 
trends toward more arid climatic conditions — as 
were similar changes in western North America 
and in South America. The emergence of wind 
barriers, together with the global trend toward 
cooler, more arid conditions, caused grassy 
terrain to replace most forests in eastern Africa — 
a change analogous to that in western North 








paleomagnetically further enhances the value of 
the Olduvai section as a standard for worldwide 
comparison. 


Destruction of the Tethyan Seaway 


The collision of the African plate and southern 
India with Eurasia during the Cenozoic Era de- 
stroyed what remained of the Tethyan Seaway. 
Today only vestiges of the seaway remain in the 
form of the isolated Mediterranean, Black, Cas- 
pian, and Aral seas. 


A Salinity Crisis in the Mediterranean At the 
end of the Miocene Epoch the Mediterranean Sea 
underwent spectacular changes. The first strong 
hint that geologists had of these changes was the 
discovery in 1961 of pillar-shaped structures in 
seismic profiles of the Mediterranean seafloor. 
These structures looked very much like the salt 
domes of Jurassic age in the Gulf of Mexico (Fig- 
ure 13-26), butifthe strange features were indeed 
salt domes, the salt could have formed only by 
evaporation of the Mediterranean. In 1970 the 
presence of evaporites here was eonfirmed by 
drilling that brought up anhydrite in cores of latest 
Miocene age. The idea that the Mediterranean 
had somehow turned into a shallow hypersaline 
basin was confirmed by the discovery of halite 
(rock salt) near the center of the eastern Mediter- 
ranean Basin. 

Further evidence that the Mediterranean 
shrank by evaporation at the end of Miocene time 
was the discovery of deep valleys filled with Plio- 
cene sediments lying beneath the present beds of 
such rivers as the Rhone in France, the Po in Italy, 
and the Nile in Egypt. Rivers such as the Rhone 
and the Nile were already flowing into the Medi- 
terranean earlier in the Miocene Epoch, and when 
the waters of the sea fell, the rivers cut deep can- 
yons. In attempting to find solid footing for the 
Aswan Dam, Soviet geologists discovered a can- 
yon buried beneath the present Nile delta and 
judged it to rival the modern Grand Canyon of 
Arizona in size! 

Clearly, what happened at the end of the Mio- 
cene Epoch was that the single narrow connection 
between the Mediterranean Sea and the Atlantic 
Ocean nearly closed—probably as a result of a 
lowering of sea level in the Atlantic. Rates of 
evaporation similar to those of the Mediterra- 
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change, evolution and extinction have trans- 
formed the mammal faunas of Africa. The pulse of 
climatic change about 2.5 million years ago may 
have resulted in the evolution of the human genus, 
which, unlike its australopithecine ancestors, was 
not heavily dependent on forests. In a similar fash- 
ion, numerous forest-adapted species of antelopes 
and other mammals died out and were soon re- 
placed by species adapted to drier, grassy habi- 
tats. Many of these new species have survived and 
are important elements of the fauna of modern 
African savannahs (p. 24). Forest-adapted spe- 
cies, in contrast, have continued to dwindle. 
Rifting and volcanism have continued to the 
present day in Africa without fully separating 
eastern Africa from the remainder of the conti- 
nent. Like rift valleys of other regions, those of 
Africa have subsided rapidly and have received 
large volumes of sediment interlayered with vol- 
canic rocks. Gorges that streams have subse- 
quently cut through the deposits in African rift 
basins have proved to be fruitful collection sites 
for hominid remains. Olduvai Gorge, the most 
famous of these sites, is incised into the Serengeti 
Plain at the margin of the eastern rift (Figure 16- 
32). The relatively complete depositional se- 
quence at Olduvai representing the past 2 million 
years has made the stratigraphic section here a 
standard against which other African sequences 
are often compared. The presence of volcanic 
rocks that can be dated by radiometric and fission- 
track techniques (p. 86) and that can be correlated 


FIGURE 16-32 Olduvai Gorge, a locality in East 
Africa famous for fossil remains and artifacts of mem- 
bers of the human family. (For its location in present- 
day Tanzania, see Figure 16-31.) (R. L. Hay.) 
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dent lines of evolution. Although it is possible that 
Hominidae and Pongidae evolved independently 
from a single family of primitive apes, the case is 
not clear. 


Early Apes in Africa and Asia 


Although an extensive Plio-Pleistocene fossil 
record has been uncovered for the Hominidae, 
very few known fossil remains of any age repre- 
sent the Pongidae. Furthermore, the fossil record 
of the superfamily Hominoidea in latest Miocene 
time (8 to 5 million years ago) is almost entirely 
barren. Sediments representing this interval in 
Africa, where apes and human ancestors evolved, 
are rare and poorly studied. 

Farther back in the Miocene series are fossils 
oftwo extinct hominoid families of species that we 
can loosely call apes. Among these early forms 
must be ancestors of both modern apes and mod- 
ern humans, but the evolutionary connections are 
not yet understood. The oldest fossils of these 
early apes come from African sediments about 20 
million years old. Both of these extinct families 
first spread from Africa to Eurasia about 15 to 16 
million years ago. This was just a few million years 
after Africa, having moved thousands of kilome- 
ters northward after the breakup of Gondwana- 
land, finally collided with Eurasia and allowed the 
exchange of mammals between the two land- 
masses. Not only hominoids made their way 
northward to Eurasia during mid-Miocene time, 
but also many other previously isolated groups of 
African mammals, including elephants and gi- 
raffes (both of which have since become extinct in 
Eurasia). 

The early apes underwent large adaptive radi- 
ations in both Africa and Eurasia. Some species 
were so large that they must have spent most of 
their time on the ground, but others were proba- 
bly arboreal (tree-climbing) animals. 

Throughout most of Miocene time the Old 
World was much more heavily populated with 
apes than Africa is today. By the end of the Mio- 
cene, however, only a single genus of primitive 
apes seems to have survived. This was the aptly 
named Gigantopithecus, a gorilla-sized creature 
that lived on into the Pleistocene. After the de- 
cline of apes, very close to the boundary between 
the Miocene and Pliocene epochs, there was an 
evolutionary event of great significance: the 


nean region today would dry up an isolated sea as 
deep as the Mediterranean in a mere thousand 
years. During the crisis enough water must have 
flowed into the Mediterranean from the Atlantic 
to keep it from drying up altogether. 

All of this happened between about 6 million 
years ago, when the eastern passage to the Atlan- 
tic closed, and 5 million years ago, when the 
Mediterranean basin refilled with deep water. 
Five-million-year-old deep-water microfossils in 
sediments on top of evaporites attest to the refill- 
ing. Apparently the connection with the Atlantic 
was enlarged again when the natural barrier at 
Gibraltar was suddenly breached. It has therefore 
been suggested that the first Atlantic waters must 
have been carried into the deep basin by a water- 
fall that would have dwarfed Niagara Falls. 


Events to the East Farther east, the Tethyan Sea- 
way was interrupted during Miocene time by the 
attachment ofthe Indian Peninsulato the Eurasian 
plate (p. 163), where molasse that shed southward 
from the newly forming Himalayas produced a 
lengthy and relatively complete fossil record for 
mammals. The famous Siwalik beds of Pakistan 
and India, for example, provide a nearly continu- 
ous record for the interval from 11 to 1 million 
years ago (Figure 7-9). The Siwalik beds docu- 
ment the composition of the rich faunas that occu- 
pied the spreading savannahs of late Miocene and 
Pleistocene age (Figure 16-4). The great rivers of 
eastern Asia, which flow from the Himalayas to 
the sea, also formed in Miocene time during the 
uplift of the Himalayan region. Because of the 
high relief and abundant rainfall of the region, 
the Indus and Ganges of India and the several 
large rivers of Indochina contribute huge volumes 
of sediment to the ocean each year. 


HUMAN EVOLUTION 


In addition to the single species that now consti- 
tutes the human family, the superfamily Hominoi- 
dea currently consists of just four species of the 
ape family —the common chimpanzee, the pigmy 
chimpanzee, the gorilla, and the orangutan — 
together with six species of the gibbon family 
(Figure 1-6). The human family, Hominidae, did 
not evolve from the modern ape family, Pongidae; 
instead, the two families have followed indepen- 


later we will take a closer look at Paranthropus. 
This genus also evolved from Australopithecus and 
outlived it, surviving alongside Homo until about a 
million years ago, when it finally disappeared. 
Experts recognize two similar species of Aus- 
tralopithecus. Australopithecus africanus occu- 
pied southern Afriea and Australopithecus afaren- 
sis, northeastern Africa. Although these animals 
did not evolve from modern apes, they were in 
many respccts intermediate in form between apes 
and humans, resembling one group more in some 
ways and the other group more in others. The 
skull was more apelike. In addition to having a 
relatively small brain, Australopithecus resembled 
apes in having front teeth that were large in rela- 
tionto the size oftheir molars (Figure 16-34). The 
face was also apelike, with heavy bony ridges 
above the eye sockets and a large, projecting jaw 
(Figure 16-35). In fact, the bony ridges strength- 
ened the skull for the attachment of heavy muscles 
that operated the large jaw. These features and 
the large molars indicate that Australopithecus fed 
largely on coarse food, probably fruits and seed- 
pods. Apparently it did not fashion stone tools, 
and presumably lacked the intelligence to do so. 
Australopithecus was much shorter than an 
average modern human. Females appear to have 
averaged slightly more than a meter (~ 3.5 feet) in 
height, and males were about 30 percent taller 
(4.5 feet). The famous skeleton called Lucy, found 
in Ethiopia in 1973, was in life a female of the 
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FIGURE 16-34 The upper teeth of Australopithecus 
afarensis, of a chimpanzee, and of a modern human. 
The chimpanzee has larger canines (eyeteeth) than 
humans, and a gap separates each canine from the ad- 
jacent incisor (arrow). The incisors of the ape are also 
large in relation to the molars. In these important fea- 
tures, Australopithecus afarensis is intermediate be- 
tween apes and humans. (After D. Johanson and 

M. Edey, Lucy: The Beginning of Humankind, Simon 
and Schuster, New York, 1981.) 
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emergence ofthe earliest hominids from some un- 
known group of apes. These hominids constitute a 
distinct subfamily within the Hominidae and are 
informally termed the australopithecines. They 
are of special interest to modern humans because 
we are their only living descendants. 


The Australopithecines 


The australopithecines include Australopithecus 
and the closely related genus Paranthropus. Mem- 
bers of the two genera weighed roughly the same 
as chimpanzees (the males were much larger than 
the females) and their brain was only slightly 
larger than that of a chimp. It appears that, like 
chimpanzecs, they werc active tree climbers. 
When they were on the ground, however, they 
walked upright like humans rather than on all 
fours in the manner of apes (Figure 16-33). We 
will first discuss Australopithecus because it was 
the immediate ancestor of our genus, Homo. A bit 
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FIGURE 16-33 Reconstruction of the oldest known 
species of the human family, Australopithecus afarensis. 
The low forehead, heavy brow, and projecting lower 
face of this species are all evident here. (After a recon- 
struction by J. H. Matternes.) 
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FIGURE 16-36 Skeletal features of Australopithecus 
afarensis (right) and of a modern chimpanzee (left). 
The skulls of the two animals are more similar than the 
pelvises. The wide pelvis of Australopithecus resembles 
that of a modern human, in whom it serves as an adapta- 
tion for upright posture. (D. C. Johanson.) 





Tracks made in volcanic ash at Laeto- 
lil, Tanzania, more than 3 million years ago. (Photo- 
graph by J. Reader, courtesy of the National Geographic 


Society.) 


FIGURE 16-37 


FIGURE 16-35 The skull of Australopithecus afri- 
canus, revealing a much lower forehead and a more 
projecting lower face than those found in modern 
humans. (Chip Clark.) 


species Australopithecus afarensis. Lucy's bones 
andthose of less fully preserved individuals reveal 
that the australopithecine body, unlike the skull, 
more closely resembled a human's than an ape's. 
The pelvis was broad, for support of the body in a 
vertical posture, unlike the narrow, elongate 
pelvis of an ape (Figure 16-36). Tracks beautifully 
preserved in volcanic ash in the geographic region 
occupied by Australopithecus afarensis provide 
direct evidence of upright, two-legged walking. 
In fact, they are remarkably similar to the foot- 
prints of modern humans (Figure 16-37). 
Although Australopithecus walked much the 
way we do, it appears to have spent a great deal of 
time in trees. Its strong wrists and long, curved 
fingers and toes resembling those of an ape would 
have been useful for climbing. It also resembled 
apes in having an upward-directed shoulder joint 
that would have helped it to climb well. Its legs 
were shorter than ours in relation to its body 
weight. These legs and the long toes would have 
been useful for climbing but detrimental to en- 
durance in running on the ground. In short, the 
locomotory adaptations of Australopithecus rep- 
resented an adaptive compromise between the 
need to move efficiently on the ground and the 





2.3 million years ago (Figure 16-38). From this 
genus, sometime between 2.5 and 2 million years 
ago, the modern human genus, Homo, evolved. 


The Human Genus Makes Its Appearance The 
oldest bones thus far assigned to Homo are about 
2.4 million years old. We do not know which of the 
two species of Australopithecus was its immediate 
ancestor. It appears that by about 2 million years 
ago, two or more species of Homo were in exis- 
tence. Because the taxonomy of these early forms 
is not yet well established, it is convenicnt to 
group them all under the informal label “early 
Homo." 

Some fossil skulls of early Homo reveal a large 
brain capacity, one of Homo’s trademarks. The 
average volume of an Australopithecus skull is 
about 450 cubic centimeters; the volume of the 
early Homo skull shown in Figure 16-39, in con- 
trast, is about 760 cubic centimeters, and frag- 
ments of less well-preserved skulls indicate brain 
capacitics well above 800. The skull of early Homo 
exhibits additional features that make it more 
human in form than the skull of Australopithecus. 
The teeth, for example, are smaller. 

Fossil remains of the pelvis and thigh bone of 
early Homo do not differ greatly from those of 
modern humans. These bones appear to have be- 
longed to large individuals that spent almost all of 
their time on the ground. 

Early Homo appears to have put its large brain 
to good use in the manufacture of stone tools. In 
fact, some types of fossils included within this 
group have been assigned to a species named 
Homo habilis, or “handy man," because stone 
tools have been found in some of the deposits from 
which such fossils have bcen collected. These 
tools include sharp flakes of stone and many-sided 
"core" stones that are what was left after the 
flakes were broken away (Figure 16-40). Such 
tools are referred to as Oldowan, because they 
were first found at Olduvai Gorge, the site of many 
important fossil hominid discoveries (Figure 
16-32). The oldest known skull of Homo and also 
the oldest known Oldowan tools, which come 
from farther north, in Ethiopia, are about 2.4 mil- 
lion years old. Thus it appears likely that early 
Homo was in existence by this time. 

Perhaps australopithecines, like modern 
chimpanzees, supplemented their largely vege- 
tarian diet by devouring small animals, but meat 
apparently formed a much larger part of early 
Homo's diet. Scratched bones of other mammals 
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need to climb trees adeptly. It was a less capable 
climber than a chimpanzee and a less capable 
walker and runner than a modern human. 

It is not difficult to understand why Australo- 
pithecus would have climbed trees frequently. 
First of all, many ofthe fruits and seedpods that it 
ate must have grown on trees. Second, in order to 
avoid predators, it must have needed to sleep in 
trees and occasionally to flee into them during the 
day. A band of Australopithecus individuals prob- 
ably slept in a grove of trees and fed in and around 
it during the day, staying close enough to thc 
grove to flee into the trees if predators ap- 
proached. When the local food supply dwindled, 
they would have been forced to migrate across 
dangerous open country to a new grove. Today 
this behavior characterizes both baboons, which 
are very large monkeys, and chimpanzees. Aus- 
tralopithecus would have been as’ defenseless 
against lions and hyenas as are thesc other large 
primates. Like thein, it lacked advanced weapons 
and was slower on the ground than large four- 
legged herbivores such as antelopes and zebras. 

Australopithecus survived for the better part 
of 2 million years, from at least 4 million to about 
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FIGURE 16-38 Stratigraphic ranges of species of the 
Hominidae (human family) as currently recognized 
from fossil data. The two Paranthropus species repre- 
sented on the left were not ancestors of modern humans. 


FIGURE 16-39 Front and side 
views of the skull of Homo habi- 
lis. (From A. Walker and R. E. F. 
Leakey, “The Hominids of East 
Turkana.” Copyright 1978 by 
Scientific American, Inc. All 
rights reserved.) 


for about 10 percent of their total body weight — 
a very large proportion. The brains of all these 
species grow rapidly before birth. In monkeys and 
apes, however, this high rate of brain growth 
slows dramatically shortly after birth, so that the 
brains of adults are only moderately larger than 
those of newborns. In Homo, however, the brain 
continues to grow rapidly for about a year after 
birth. This is the main reason why adult humans 
have such large brains. The size of the human 
brain increases only moderately after the age of 1, 
but an average year-old human infant already has 
a very large brain capacity — more than twice that 
of an adult chimpanzee. 

The extension ofthe high rate of brain growth 
through the first year of life was achieved through 
a general evolutionary delay of maturation. Our 
permanent teeth do not replace our baby teeth, 
for example, until we are much older than apes are 
when they undergo these changes. A key feature 
of the human pattern of development is that it 
produces great intelligence at a very early age, so 
that small children can engage in relatively ad- 
vanced learning. 

We humans develop so slowly that our infants 
are helpless much longer than the infants of any 
other species of mammals. The disadvantage of 
the need to provide years of care to our offspring is 
more than offset, however, by the enormous ad- 
vantages that result from the expansion of the 
brain: Humans are much more intelligent than any 
other species of mammals, and for this reason we 
are able to cope with a host of environmental 
problems. We are neither physically powerful nor 
fleet of foot, yet we have come to dominate Earth. 

Nonetheless, it is quite evident why australo- 
pithecines did not evolve a large brain for more 
than 1.5 million years of existence. As we have 












found in association with Oldowan stones indicate 
that early Homo used its stone tools to sever meat 
from bones. It is uncertain whether most of this 
meat was the product of active hunting or of scav- 
enging on carcasses killed by other animals. In any 
event, the rather abrupt appearance of Homo re- 
quires an explanation. Australopithecus had ex- 
isted with little evolutionary change for at least 
1.5 million years before it gave rise to the human 
genus. One theory holds that the sudden global 
climatic change that occurred about 2.5 million 
years ago led to the origin of Homo. This explana- 
tion relates to the way Homo’s large brain evolved. 


Brain Size, Climbing, and the Shrinkage of For- 
ests The size of early Homo’s brain can be attrib- 
uted mainly to a change in the pattern of infant 
development. The brains of all newborn primates 
(including monkeys, apes, and humans) account 
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FIGURE 16-40 Simple stone implements from Oldu- 
vai Gorge, Tanzania, representing the Oldowan cul- 
ture that existed about 2.5 million years ago. These are 
"core" implements from which flakes were struck. 
(After K. P. Oakley, Man the Toolmaker, British Mu- 
seum of Natural History, London, 1950.) 


early Homo but it was slightly more similar to 
modern humans. In addition, Homo erectus was 
the first hominid species to have migrated beyond 
Africa. Known as Pithecanthropus before its simi- 
larities to modern humans were fully acknowl- 
edged, Homo erectus lived not only in Africa and 
Europe but also in China, where it has been re- 
ferred to as "Peking man," and in Java, where it 
has been called “Java man." Dates for fossil skulls 


H. erectus H. sapiens 





FIGURE 16-41 Nearly complete skeleton of an 11- or 
12-year-old Homo erectus boy from strata 1.6 million 
years old. His height was about 5 feet 3 inches (1.6 
meters), and had he lived to adulthood, he would have 
grown to a height of about 6 feet (1.8 meters). On the 
right, the neck of this boy’s femur is seen to be much 
longer than that of a femur belonging to a typical mod- 
ern human, who has a wider pelvis. 
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seen, they were required to spend a significant 
portion of their lives in trees. A mother who 
needed both arms free to climb trees could not 
have carried a helpless infant about with her. In 
other words, the large human brain could evolve 
only after human ancestors stopped climbing 
trees habitually. Why did they finally stop doing 
so? Recall that climates became cooler and drier 
over broad regions of the world about 2.5 million 
years ago, when continental glaciers expanded in 
the Northern Hemisphere. Fossil pollen reveals 
that at this time terrestrial floras in Africa under- 
went a dramatic change. Forests shrank and grass- 
lands expanded. This is exactly the kind of change 
that would be expected to force animals such as 
australopithecines to abandon dependence on 
tree climbing. Presumably the australopithecines 
faced an ecological crisis: When they no longer 
had trees to climb, they lost important sources of 
food and were suddenly more exposed to such 
predators as lions and hyenas. Probably many 
populations of Australopithecus died out during 
this crisis, but apparcntly at least one population 
evolved into Homo. A large brain was so valuable 
for avoiding predators and developing advanced 
hunting techniques that its value overshadowed 
the problems that resulted from the prolonged 
helplessness of their infants. 

The fossil record of antelopes indicates the 
impact that the shrinkage of forests at the start of 
the modern Ice Age had on mammals in general. 
About 2.5 million years ago, many species that 
were adapted to forests died out, and species 
adapted to grassy environments spread over broad 
areas. It appears that human ancestors experi- 
enced comparable changes. The youngest fossils 
assigned with certainty to the genus Australopith- 
ecus are about 2.5 millions years old. Although at 
least one small-brained species with an 
Australopithecus-like body survived to the end of 
Pliocene time, Australopithecus-like forms were 
gone by early in the Pleistocene Epoch. By this 
time, too, early Homo had given rise to a species 
that was remarkably similar to modern humans. It 
has been named Homo erectus. 


Homo Erectus, Our Recent Ancestor 


About 1.6 million years ago or slightly earlier, 
Homo erectus evolved from early Homo. This new 
species seems not to have differed greatly from 
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oped than those of Australopithecus. The teeth of 
Homo erectus were smaller than those of Australo- 
pithecus, and though they are larger than the teeth 
of modern humans, they bear a close resemblance 
to them. Homo erectus was also a toolmaker. Its 
stone culture, known as Acheulian culture, in- 
cluded the production of magnificent hand axes 
(Figure 16-42). 


The Robust Australopithecines 


Recall that some australopithecines were assigned 
to the genus Paranthropus. These forms are infor- 
mally called robust australopithecines, in recog- 
nition ofthe enormous bony ridges over their eyes 
and their massive jaws and teeth (Figure 16-43). 
They evolved from Australopithecus, apparently 
through natural selection associated with a diet 
that included very coarse food, such as roots or 
thick leaves. It is not certain from which species 
they evolved. The oldest robust skeleton is dated 
at about 2.5 million years, but shortly after 2 mil- 
lion years ago, two species existed, Paranthropus 
robustus in southern Africa and Paranthropus boi- 
sei in east-central Africa. Despite the massive 
structure of their skulls, these animals did not 
differ greatly from Australopithecus in stature or 





FIGURE 16-43 Paranthropus boisei, a heavy-browed 
speeies with massive jaws and teeth that served for 
grinding up vegetable matter. Paranthropus robustus 
was somewhat less robust than this species. (Chip Clark.) 





of Homo erectus encompass a long interval of time, 
from about 1.6 million years ago to perhaps 
` 300,000 years ago. 

The recent discovery in Africa of the 1.6- 
million-year-old skeleton of an 11- or 12-year-old 
boy has revealed the remarkable resemblance be- 
tween Homo erectus and modern humans (Figure 
16-41). This species had a slightly smaller brain 
than ours but it resembled us in body size. The 
pelvis of Homo erectus was narrower than ours, 
and here we see why this extinct species had a 
smaller brain. The size of the pelvis limits the size 
of the brain in hominids, because a baby's head 
must pass through its mother's pelvis during birth. 
The narrow pelvis of Homo erectus would not have 
permitted the birth of a modern baby of average 
size. Evolution has provided us with a mechanism 
to develop a brain larger than Homo erectus's: Our 
larger pelvis allows our brain to grow larger be- 
fore birth, so we have a head start in the growth of 
the adult brain. 

There is some evidence, however, that the 
brain size of Homo erectus increased somewhat 
over the course of the species' existence. In some 
individuals it approached the average for modern 
humans. The braincase of Homo erectus was also 
relatively longer and lower than ours; further- 
more, its forehead was low and interrupted by 
brow ridges that were even larger than those of 
the two slender species of Australopithecus. These 
features, though modified, were inherited from 
Australopithecus, as were the projecting mouth 
and heavy lower jaw — but the mouth and jaw as 
well as the cheekbones were less highly devel- 
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FIGURE 16-42 Tools of the widespread Acheulian eul- 
ture attributed to Homo erectus. A. Twisted oval tool 
from Saint-Aeheul near Amiens, France. B. Oval hand ax 
from south of Wadi Sidr, Israel. C. Large hand ax from 
Orgesailie, Kenya. D. Hand ax from Hoxne, Suffolk, En- 
gland. (After K. P. Oakley, Man the Toolmaker, British 
Museum of Natural History, London, 1950.) 


Neanderthal also differed from modern hu- 
mans in the presence of a gap between its cheek 
teeth and the back of its jaw and in certain distinc- 
tive features of the shoulder blade, pelvis, and 
hand. The finger bones of Neanderthal have 
stronger attachment areas for tendons than those 
found in modern humans, suggesting that this 
creature's grip was stronger than ours. 

The distribution of the two forms in time and 
space suggests that Neanderthal and Homo sapi- 
ens may in fact have been reproductively isolated. 
They simultaneously occupied a region of the 
Middle East from at least 110,000 to 90,000 years 
ago. Radiocarbon dating tells us that Neanderthals 
died out during the most recent glacial interval. 
They vanished from eastern Europe about 40,000 
years ago and from western Europe and the Mid- 
dle East perhaps 5000 years later. At this time 
the Cro-Magnon people, who were anatomically 
almost identical to modern humans, spread 
throughout Europe. The fact that Cro-Magnon 
suddenly replaced Neanderthal in Europe sug- 
gests that the two did not interbreed successfully 
and thus may well have been distinct species. 

Where did the biologically modern popula- 
tions of Homo sapiens known as Cro-Magnon orig- 
inate? Africa now appears to be the most likely 
site. Skulls recently discovered in African sedi- 
ments more than 100,000 years old have heavy 
brow ridges and a flattened braincase, but they 
also display minor features that more closely re- 
semble traits of modern humans. 

Perhaps one population of Homo erectus was 
ancestral to our species while another evolved 
into Neanderthal. In any event, Neanderthals 
developed a distinctive stone culture known 
as Mousterian, characterized by flakes of stone 
fashioned into knives, scrapers, and projectile 
heads— far more sophisticated tools than the 
Acheulian implements of Homo erectus. The Cro- 
Magnon culture that followed at first incorporated 
Mousterian elements but then emerged as a more 
sophisticated culture known as Late Neolithic, in 
which a variety of specialized tools were invented. 

Even more innovative was the artwork of the 
Cro-Magnon people, which seems toreflect a new 
use of the powers of imagination. Their magnifi- 
cent cave paintings, primarily of animals, can still 
be admired in France and Spain (Figure 16-44), 
while other artifacts show that their artistic efforts 
included modeling in clay, carving friezes, deco- 
rating bones, and fabricating jewelry from teeth 


and shells. 
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physique. Paranthropus boisei lived until about 1 
million years ago, well into the Pleistocene Epoch. 
The survival of both species for some time after 
the sudden environmental change perhaps re- 
sulted from their ability to feed on a wide range of 
foods, which may have allowed them to avoid dan- 
gerous journeys between sparse groves of trees in 
search of a meal. 


Was Neanderthal One of Us? 


Unfortunately, sediments in Africa representing 
the interval above the youngest specimens of 
Homo erectus have yielded a poor suite of fossil 
remains. As a result, we are not certain exactly 
what evolutionary pathway led from Homo erectus 
to our species, Homo sapiens. The interval of poor 
fossil remains extends from about 400,000 to 
100,000 years ago, and most of the partial skulls 
found within this interval have robust brow ridges 
and low foreheads reminiscent of Homo erectus. 

In sediments about 100,000 years old, the 
hominid fossil record improves with the appear- 
ance of well-preserved fossils of the creature 
known as Neanderthal (Figure 16-38). Tradition- 
ally, Neanderthal has been regarded as a variety 
or subspecies of our species (Homo sapiens nean- 
derthalensis), but there is some justification for 
recognizing it as a separate species (Homo nean- 
derthalensis). The record of this humanoid crea- 
ture extends from Spain to central Asia, ranging in 
time up to about 35,000 years ago. Enough of its 
bones and artifacts have been found in caves to 
suggest that Neanderthal frequently took shelter 
in caves. 

Neanderthal is so designated because its 
bones were first found in the Neander Valley of 
Germany in 1856, three years before Charles 
Darwin wrote On the Origin of Species. This crea- 
ture differed from modern humans in a number of 
skeletal features. Neanderthal resembled Homo 
erectus in its long, low skull with prominent brow 
ridges, projecting mouth, and receding chin (Fig- 
ure 16-38). On the other hand, its brain was quite 
large — slightly larger, on average, than that of 
modern humans. The slightly larger brain is by no 
means indicative of superior intellect, however; 
Neanderthal's body was somewhat more massive 
than ours, though slightly shorter, and may have 
required some extra brain cells simply for the pur- 
pose of motor control. Its bones were also more 
dense than ours, and it probably moved more 
slowly than we do. 
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FIGURE 16-45 Reconstruction of the burial of a 
young Neanderthal, whose skeleton shows that the head 
was cradled on one arm. Also present are the charred 
bones of animals that apparently were left as food for 
the dead individual in an afterlife. (Painting by Z. Burian 
under the supervision of Professor J. Augusta, Professor 
J. Filipa, and Dr. J. Moleho.) 


only in Africa but also in Eurasia and North Amer- 
ica. In fact, the modern African fauna, which is 
rich by today's standards, is impoverished in com- 
parison with the diverse faunas that characterized 
the Pliocene and Pleistocene epochs. Deteriora- 
tion of the climate reduced the diversity of animal 
species in Eurasia during the Pleistocene Epoch, 
but even the fossil record of that epoch has 
yielded a fauna of more than 50 genera of Bovidae 
(cattle, antelope, sheep, goats, and related hoofed 
animals). 

Within the rich Plio-Pleistocene faunas were 
many species of immense proportions. Among the 
huge Pleistocene species were an elephant-sized 
bison of the American plains whose horns spread 
more than 2 meters (— 7 feet), or three times the 





FIGURE 16-44 A cave painting of the Cro-Magnon 
people. (Ferrero/Labat/AUSCAPE International.) 


One intriguing fact is that, whatever their 
mental powers may have been, Neanderthals did 
have religion. Burial sites reveal that Neander- 
thals sometimes prepared their dead for a future 
life by interring them with flint tools and cooked 
meat (Figure 16-45). In the Zagros Mountains of 
Iraq, a Neanderthal man who died after a skull 
injury was buried in a bed of boughs and flowers 
that can be identified from the pollen they left 
beneath the skeleton. 


Human Expansion and the Extinction of 
Large 5 


Anthropologists continue to debate not only how 
the various races of Homo sapiens spread through- 
out the world but also whether all of these races 
evolved from Cro-Magnon or simply share with 
Cro-Magnon features that characterize all older 
populations of Homo sapiens. One particularly 
noteworthy question regarding the geographic 
spread of Homo sapiens is: When did our species 
first reach the Americas? This question is inter- 
twined with another: What caused the extinction 
of many large terrestrial mammals near the end of 
the last glacial advance, about 11,000 years ago? 
Asaresult ofthis extinction event, the world today 
is impoverished with regard to large mammals; 
only the faunas of the African savannahs and open 
woodlands give us a hint of what the rich Pliocene 
terrestrial ecosystems must have been like, not 





found between the fossil ribs of a giant bison. (Denver 
Museum of Natural History.) 


may also have propelled darts with throwing 
sticks. The famous Clovis and Folsom projectile 
points represent this stage in the development of 
weaponry (Figure 16-46). 

Whether humans armed with advanced stone 
weapons destroyed numerous species of large 
mammals remains controversial. Nonetheless, as 
modern humans cause the extinction of numerous 
kinds of animals and plants every decade, it is so- 
bering to reflect that Homo sapiens may have 
begun to destroy other species of mammals more 
than 10,000 years ago, long before the origins of 
cities, guns, and chain saws. 


CHAPTER SUMMARY 


1 Invertebrate life in the oceans underwent only 
minor changes during Neogene time, but whales 
radiated rapidly. 


2 On land, grasses and herbs, benefiting from a 
cooling of climates, diversified and occupied more 
territory during Miocene time. 


3 Terrestrial mammals assumed their modern 
character during Ncogene time, and frogs, rats 
and mice, snakes, and songbirds underwent major 
adaptive radiations. 


4 Apes radiated during the Miocene Epoch but 
have since dwindled in number of species. 
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FIGURE 16-46 A. Reconstruction of “Folsom man” 
hunting giant bison. B. The original Folsom point, 


span for the living species; a North American 
beaver (Castoroides) that was nearly as large as a 
black bear; horses of the modern genus Equus, 
which evolved to the size of our artificially bred 
Clydesdale draft horses; and mammoths (mem- 
bers of the elephant genus Mammuthus) that stood 
about 4.5 meters (~ 15 feet) at the shoulder, mak- 
ing them about 30 percent taller than an average 
African elephant. 

Radiocarbon dating of archaeological sites 
now indicates that modern humans reached the 
Americas earlier than 30,000 years ago, but their 
weapons and hunting skills may have been too 
primitive to have caused the extinctions of large 
mammals. Some anthropologists have argued that 
these extinctions occurred at the hands of later 
humans armed with newly developed weapons for 
which large, conspicuous mammals were easy 
marks. Because they were represented by few in- 
dividuals to begin with, such species were eventu- 
ally hunted out of existence. This theory suggests 
that a wave of humans swarmed into North Amer- 
ica about 11,000 years ago, by way of the Bering 
land bridge, and were such successful big-game 
hunters that their populations expanded and 
spread rapidly — perhaps by about 16 kilometers 
(~ 10 miles) per year — in their efforts to find new 
game. Radiocarbon analyses of wood associated 
with stone weapons reveals that humans at this 
time employed sophisticated projectile systems in 
the New World; they are known to have launched 
flint tips of many types at the ends of lances and 
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2 What factors influence the isotopic composi- 
tion of oxygen in skeletons of marine orga- 
nisms? Which of these factors has been domi- 
nant during the Pleistocene Epoch? 


3 What changes in the geographic distribution of 
animals did the uplift of the Isthmus of Panama 
produce? 


4 How did the Rocky Mountains develop their 
present configuration in the course of the Neo- 
gene Period? 


5 What was the climatic effect of the uplift of the 
Sierra Nevada mountain range? 


6 What kinds of volcanic activity occurred in the 
American West during Neogene time? 


7 How did climatic change about 2.5 million 
years ago alter the general distribution of ter- 
restrial vegetation? 


8 How did the Appalachian Mountains develop 
their present configuration in the course of 
Neogene time? 


9 How did members of the genus Australopithe- 
cus differ from modern humans? 
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5 The modern Ice Age began about 2.5 million 
years ago with the origin of continental glaciers in 
the Northern Hemisphere. Climates in many re- 
gions became cooler and drier, and grassy habitats 
expanded while forests shrank. 


6 During the past 1.65 million years, continental 
glaciers have expanded and contracted more than 
18 times, with expansions lowering sea level by as 
much as 100 meters. Glaciers are now in a con- 
tracted state, but they will probably expand again. 


7 During Neogene time the American West has 
been affected by extensive volcanism, and major 
uplifts have produced the Sierra Nevada, the 
Rocky Mountains, and the Colorado Plateau. 


8 In the western Atlantic region, the Caribbean 
Sea, which is bounded on the east by an island arc, 
developed its modern configuration during Neo- 
gene time, and the Isthmus of Panama was 
uplifted, permitting extensive biotic interchange 
between North and South America. 


9 East of the Atlantic, the Mediterranean Sea be- 
came weakly connected to this larger ocean about 
6 million years ago and briefly became hypersa- 
line. Soon thereafter reenlargement of the con- 
nection allowed the Mediterranean to fill with 
normal marine waters again. 


10 During Neogene time, Africa has been frag- 
menting along spreading zones known as rift val- 
leys, and in early Miocene time it moved north- 
ward into contact with Eurasia, allowing biotic 
interchange between the two continents. 


11 Australopithecus, the oldest known genus of 
the human family, evolved at least 4 million years 
ago. It possessed a small body, a relatively small 
brain, and apelike teeth. Homo, the modern 
human genus, evolved in Africa at least 2 million 
years ago, perhaps as a consequence ofthe shrink- 
age of forests. More than 100,000 years ago, 
humans of the modern type were present. 


EXERCISES 


1 In what ways did mammals become modernized 
during the Neogene Period? 
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sobering to contemplate that few species of our 
class (the Mammalia) have survived more than 3 to 
4 million years. While it would be nice to believe 
that our intelligence and cultural flexibility will 
earn us an exceptionally long stay on Earth, the 
enormous destructive potential of our nuclear 
weaponry must dampen our optimism. 

A question that warrants less concern but 
nonetheless attracts much interest is what the 
evolutionary future of our spccies might be, how- 
ever long we may ward off extinction. Our species 
has experieneed very littlc anatomical change, at 
least in Europe, during the past 40,000 years. Will 
this stability continue? In Chapter 5 we noted that 
some paleontologists believe that most species, in 
fact, ehange relatively little once they have origi- 
nated by rapid evolution from populations of 
preexisting species; othcr paleontologists believe 
that most species evolve at substantial rates 
throughout their existence. This controversy, 
however, has little bearing on the future of bio- 
logical evolution of the human species. Our spe- 
cies, unlike all others, evolves culturally as well as 
biologically, and our cultural evolution has inter- 
fered with our biological evolution, making our 
biological evolution different from that of all other 
species. For example, many physically impaired 
individuals who would not survive in nature are 
sustained by society— especially by modern 
medicine — and given the opportunity to produce 
children. On the other hand, our socicty discour- 
agesreproduction of certain individuals who carry 
genetic features that impair their health and might 
impair the health of their offspring. Selection 
pressures in modern societies differ not only from 
those of other species but also from those that 
affected more primitive human societies long ago. 
Physical strength and speed are not now at such a 
high premium as they were when members of our 
species wielded simple weapons against wild ani- 
mals and human foes. Homo sapiens actually has 


0° our voyage through geologic time, we have 

seen continents grow as they have crept over 
the asthenosphere, and we have seen them break 
apart along great rifts whcre new oceans have 
formed. We have seen how mountain systems 
have risen up and worn down, how seas have 
flooded continents and receded, and how, from 
humble Archean beginnings, life expanded to 
form a complex marine ecosystem and then to 
conquer the land. Through the operation of these 
and other processes, Earth has taken its present 
shape and its inhabitants have assumed their mod- 
ern character. 


PLATES CONTINUE TO MOVE 


Turning our gaze far into the future, we can prc- 
dict major geologic events from what has gone 
before. About 30 million years from now, the 
movement of the narrow sliver of crust that joins 
the rest of North America along the San Andreas 
Fault will have brought Los Angeles to a position 
alongside San Francisco. In 10 million years, bar- 
ring renewed uplifts, the rugged Rocky Moun- 
tains and Alps will have been subdued by erosion, 
but the Himalayas will probably still stand tall, 
owing to continued wedging of the Indian Penin- 
sula beneath them. Though Earth’s crust is unusu- 
ally thick in Africa, that continent may fragment 
along its present rift valleys in another several 
million years; alternatively, convective cells in the 
mantle may shift, leaving the continent intact. 


WHAT IS OUR EVOLUTIONARY 
FUTURE? 


Whether our species will observe major plate- 
tectonic changes of the future is uncertain. It is 
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FIGURE E-1 Logging produced this 
clear-cut region in a forest of the Nimkish 
Valley of British Columbia. (Tom Bean.) 


Scandinavia, and Canada. On the other hand, as 
we have already noted, a warming climatic trend 
could melt enough polar ice to flood coastal cities; 
such warming is likely to result from fuel-burning 
practices that add carbon dioxide to the atmo- 
sphere, accentuating the greenhouse effect. 
During the next half century we may damage 
life on Earth even more drastically by altering and 
destroying natural habitats than by intensifying 
the greenhouse effect. As we have seen, our de- 
struction of such habitats as coral reefs, wetlands, 
and rain forests is eliminating populations and en- 
tire species. Not only are the disappearing forms 
of life aesthetically pleasing, but many are medi- 
cally, agriculturally, or industrially valuable — or 
have the potential to become so. An understand- 
ing of ancient ecosystems places present and 
likely future events in perspective. Such under- 
standing, for example, enhances our appreciation 
of the unfortunate state of grassland faunas today. 
During Pliocene and Pleistocene time, diverse 
faunas of mammals populated grasslands in North 
America, Asia, and Africa. Large elements of these 
faunas are now extinct in North America and Asia, 
owing in part to climatic fluctuations during the 
glacial age and in part to human hunting and habi- 
tat destruction. Humans alone are responsible for 
the near extinction of the American bison late in 
the last century. African savannahs still host a rich 
mammalian fauna, but it is seriously imperiled. 
As we face the future, it is important for us to 
understand not only how our activities may alter 





the potential to direct its own evolution as it sees 
fit by practicing artificial breeding of the sort that 
has produced such divergent breeds of domestic 
dogs as the Saint Bernard, Chihuahua, and grey- 
hound. And if the prospect of selective breeding 
in our species were not disturbing enough in itself, 
we must also contemplate the ethical questions 
raised by modern advances in genetic engineer- 
ing. By these techniques, scientists can intro- 
duce entirely new genetic features to the human 
species. 


WHAT WILL HAPPEN TO THE 
GLOBAL ECOSYSTEM? 


The Northern Hemisphere emerged from the last 
Pleistocene glacial episode about 10,000 years 
ago. An average interval between major glacial 
expansions of the Pleistocene lasted many times 
10,000 years. It seems, then, that our species, 
which endured the most recent advance of conti- 
nental glaciers, need not fear another major gla- 
cial advance for many millennia. Nonetheless, cli- 
matic changes on a smaller scale could quickly 
disrupt our civilization. During the present inter- 
glacial interval, humans have built cities far to the 
north, which are vulnerable to even a minor gla- 
cial advance. Moreover, a cool interval compara- 
ble to the Little Ice Age of the past few centuries 
would impair agriculture in large areas of Russia, 


major developments in the history of life. In the 
perspective thus gained, all the features of our 
planet’s landscape, from small-scale local out- 
crops to jagged mountain chains and sandy coastal 
plains, take on new meaning. Fossils, which are 
abundant in nearly all regions of the world except 
crystalline Precambrian shields, also come to life. 
You can supplement your new understanding of 
these phenomena by making use of the many re- 
gional libraries and state and federal agencies 
from which information about local rocks and fos- 
sils is available. Museums and parklands also offer 
special glimpses of geology and paleontology. In 
summary, the world around you will be a richer 
store of information now that you comprehend, in 
broad outline, the evolution of Earth and life 
through time. 
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or destroy habitats but also what will happen to 
life as aresult. Lessons from the past will serve us 
well here — lessons about the kinds of species that 
have always been vulnerable to extinction, for ex- 
ample, and lessons about the particular ways in 
which environments and life have changed during 
the past few thousand years to produce our 
present ecosystems, 


CONTINUING EDUCATION 


Most of the lessons of this book illuminate less 
perplexing issues. We have traced the geologic 
histories of many regions and have reviewed the 
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Minerals and Rocks 


drawn over it. The attachment that results, which 
is called an ionic bond, is essential to the formation 
of mineral compounds. Uncharged atoms can also 
combine in other ways; for instance, they can 
share electrons in a process called covalent bond- 
ing. When different kinds of atoms bond together, 
they form compounds whose characteristics 
sometimes differ dramatically from those of their 
constituent elements in pure form. 

Stable chemical configurations such as those 
that characterize most minerals cannot exist un- 
less two conditions have been met: First, posi- 
tively and negatively charged ions must be com- 
bined in the proper proportions so that there is no 
charge imbalance; and second, these positive and 
negative ions must be of relative sizes that enable 
them to fit snugly together te form a solid struc- 
ture. The geometrically consistent internal struc- 
ture of a mineral is known as a crystal lattice (Fig- 
ure AI-1). 

The physical properties of minerals, including 
their hardness, density, external form, and pattern 
of breakage, are determined by their chemical 
composition and crystal lattice structure. The 
strength of a mineral's chemical bonds, for exam- 
ple, is the primary determinant of that mineral's 
hardness. Thus diamond, which is composed 
solely of the element carbon, is the hardest min- 
eral on Earth because all of its carbon atoms are 
strongly bonded to one another. The mineral 


The rocks and soil on which we stand are aggre- 
gates of mineral grains. As defined in Chapter 1, a 
mineral is a naturally occurring solid element or 
compound whose atoms are organized in a partic- 
ular configuration. (A compound is a substance 
that consists of chemically combined elements.) 
This appendix introduces some characteristics of 
important minerals and rocks, beginning with a 
review of the basic properties of minerals. 


PROPERTIES OF MINERALS 


A chemical element is a fundamental substance 
made up of a particular kind of atom that, in its 
most stable state, has equal numbers of electrons 
and protons. The electrons have a negative 
charge, while the protons have a positive charge. 
Electrons surround the atom's nucleus, where 
protons reside along with neutrally charged neu- 
trons. Some kinds of atoms tend to lose one or 
more oftheir outermost electronsto other kinds of 
atoms. Atoms that lose their electrons are said to 
become positively charged ions, whereas those 
that gain electrons are called negatively charged 
ions. Positively and negatively charged ions are 
attracted to each other in the way that hair is 
sometimes attracted to a synthetic fabric that is 





FIGURE ۸1-1 The structure of the 
mineral halite, also known as roek 
salt. Halite is composed of equal 
numbers of positive sodium ions and 
negative chloride ions, which fit to- 
gether to form a cubic crystal lattice. 
A. The actual position of the ions. B. 
The cubic pattern is evident in the 
expanded lattice. 


depth of about 400 kilometers (~250 miles) be- 
neath Earth’s surface, seismic waves abruptly ac- 
celerate, indicating that the mantle abruptly in- 
creases in density at this point. Laboratory 
experiments reveal that as temperature and pres- 
sure are increased to the values that are thought to 
exist at this depth, olivine alters from its less dense 
form to its more dense form as a result of changes 
in the mineral’s crystal lattice. This phenomenon 
probably explains the seismic acceleration that 
takes place within the mantle at a depth of 400 
kilometers. 

Minerals may vary slightly in their chemical 
composition, but only within specified limits. 
Sueh variation usually results when one element 
in a mineral’s crystal lattice is substituted for an- 


FIGURE ۸1-2 The structure of olivine 
(a mixture of Mg;, SiO,, and Fe,SiO,), 
which is an important mineral of 
Earth's mantle. The less dense crystal 
form of the mineral (A) exists under 
lower pressures (or at shallower depths) 
than the more dense crystal form (B). 
The large ions are oxygen, the small ions 
are silicon, and the medium-sized ions 
are magnesium (or iron). 


476 APPENDIX! Minerals and Rocks 





graphite also consists of pure carbon, but beeause 
its carbon atoms are arranged in layers that are 
weakly attached to one another, it is very soft — 
soft enough to be used as the "lead" in pencils. 
The density of a mineral — or its mass per unit 
of volume — is partially determined by the types 
of atoms of which it is constituted. An iron atom, 
for example, is heavier than an aluminum atom 
because it contains more protons and neutrons, 
and compounds of iron are therefore more dense 
than compounds of aluminum. The density of a 
mineral is also determined to some extent by the 
degree to which its atoms are packed together. 
Figure AI-2, for example, shows two crystal struc- 
tures ofthe mineral olivine, which is thought to be 
the primary component of Earth's mantle. At a 
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right angles to one another following zones of 
weak attachment between planes of atoms. In 
other minerals, characteristic external forms and 
breakage patterns also reflect internal crystal 
structure. Unlike halite, however, many minerals 
do not ordinarily break along cleavage planes; 
moreover, cleavage planes in many minerals do 
not parallel crystal surfaces. 

A few groups of minerals are especially abun- 
dant on Earth because they are important rock- 
forming minerals. We will now review several of 
these groups, whose properties and roles in the 
formation of rock are summarized in Table AI-1. 


other whose atoms are roughly the same size. 
Iron, for example, frequently substitutes for mag- 
nesium in some crystal lattices, and strontium 
often substitutes for calcium in others. 

A crystal's external form and the way it breaks 
also reflect its internal structure, as illustrated by 
the mineral halite (NaCl), which forms from the 
evaporation of natural waters (Figure AI-1). In 
halite, which is informally known as rock salt, so- 
dium and chlorine ions form natural cubic units 
within the crystal, maintaining the cubic shape as 
the crystal grows. Halite also breaks along planes 
of weakness known as cleavage planes, which lie at 


TABLE AI-1 Major mineral groups 


Rock-forming 


contribution Comments 


Physical 
properties 


Chemical 
properties 


I سس‎ 


Silicates SiO, tetrahedra are Mostly hard, except Dominant mineral Most crystallize at 
the basic units for mica and clay group in igneous, high temperatures 
minerals; most have sedimentary, and and occur in 
a glassy or pearly metamorphic rocks sediments only as 
luster detritus 
Carbonates Positive ions Soft, light-colored Mostly sedimentary, Include calcite, 
attached to CO, but also form mar- aragonite, and 
ble, a metamorphic dolomite 
rock 
Sulfates Positive ions Soft, light-colored, Most rock-forming Form large sedimen- 
attached to SO, water-soluble varieties are tary evaporite 
sedimentary deposits, including 
gypsum and 
anhydrite 
Halides Positive ions at- Soft, light-colored, Most rock-forming Form large sedimen- 
tached to negative water-soluble varieties are tary deposits, 
ions of elements sedimentary including halite 
such as chlorine (Cl) (rock salt) 
or bromine (Br) 
Oxides Metallic ions com- Soft to hard Mostly sedimentary, Some, including the 
bined with oxygen but many varieties iron materials 
are present in igne- magnetite and hema- 
ous and metamor- tite, are major ore 
phic rocks minerals 
Sulfides Metallic ions Soft to medium Have a minor role in Many are important 


ore minerals that 
form at high 
temperatures 


rock forming 


hard, often with a 
metallic luster 


combined with 


sulfur 
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represent the most important minerals of crustal 
sedimentary and metamorphic rocks. Silicates 
tend to form at the high temperatures that exist 
deep within Earth’s crust and mantle and that also 
characterize molten rock that reaches the surface 
from great depths. 


Carbonate and sulfate minerals are also im- 
portant rock formers, but, unlike silicates, most of 
these minerals form at low temperatures near 
Earth’s surface. Carbonates are constructed of 
one or more positive ions, such as calcium, mag- 
nesium, and iron, bonded to the negative carbon- 
ate ion. The carbonate ion is a composite ion 
formed of one carbon linked to three oxygens 
(CO,). Calcite (CaCO ) is the most abundant car- 
bonate mineral (Figure AI-4). Aragonite, another 
important carbonate mineral, has the same chemi- 
cal composition as calcite, but it differs in its crys- 
tal structure; thus aragonite's physical and chemi- 
cal properties also differ from those of calcite. The 
shells of corals, mollusks, and many other marine 
organisms consist of calcite, aragonite, or both. 
Dolomite resembles calcite, but half of the cal- 
cium ions are replaced by magnesium. Sulfates are 
formed of positive ions (such as calcium, iron, or 





cleavage causes calcite crystals to break into rhombic 


fragments. (Chip Clark.) 


FIGURE AI-3 Rock-forming silicate minerals. Dia- 
grams show the arrangements of tetrahedra in five im- 
portant rock-forming mineral groups. (Other ions are 
omitted for simplicity.) 

In amphiboles and pyroxenes, the silicate tetrahe- 
dra are assembled into long chains that are bonded 
together by ions of iron, calcium, or magnesium posi- 
tioned between them. The iron and magnesium make 
these minerals dense and often dark in color. 

In mica and clay minerals, the silicate tetrahedra 
are more fully connected to form two-dimensional 
sheets that are bonded together by sheets of aluminum, 
iron, magnesium, or potassium. Because the bonds be- 
tween these sheet silicates are weak, micas and clays 
cleave into thin flakes. Clay minerals are especially 
weak and almost always occur naturally as small flakes. 

The feldspars are the most common group of miner- 
als in Earth's crust, and quartz is second. Quartz is the 
simplest silicate mineral in chemical composition, con- 
sisting of nothing but interlocking silicate tetrahedra. 
Because each oxygen is shared by two adjacent tetrahe- 
dra, for the mineral as a whole there are only two times 
rather than four times as many oxygens as silicons (the 
ratio in a single tetrahedron). Hence the chemical for- 
mula of quartz is SiO;. Quartz is very hard because its 
silicons and oxygens are tightly bonded. 

Feldspars differ from quartz in that their structure 
includes both silicate tetrahedra and tetrahedra in 
which aluminum takes the place of silicon. Ions of one 
or more additional types (potassium, sodium, and cal- 
cium) also fit into the framework in differing propor- 
tions. Unlike quartz, feldspars display good cleavage. 
Feldspars are slightly softer than quartz, and they also 
weather chemically much more readily in nature. (Clay 
[kaolite], W. D. Keller; quartz and pink feldspar, Chip 
Clark; other photographs by the author.) 


FAMILIES OF ROCK-FORMING 
MINERALS 


The mineral groups known as silicates are the 
most abundant minerals in Earth's crust and man- 
tle. In silicates, four negatively charged oxygen 
atoms form a tetrahedral structure around a 
smaller, positively charged silicon atom. Figure 
AI-3 illustrates how silicate tetrahedra unite in 
various ways, usually with other atoms, to form 
the most important silicate minerals of Earth's 
crust. Not only are silicates the primary constitu- 
ents ofthe igneous rocks ofthe crust, but they also 





ULTRAMAFIC 





Peridotite 


FIGURE AI-5 The composi- 
tion of igneous rocks. In con- 
trast to felsic rocks, mafic rocks 
contain no quartz and not much 
more than 50 percent silica. 
Note that plutonic rocks, which 
crystallize slowly within Earth, 
are more coarse-grained than 
volcanic rocks, which crystal- 
lize more rapidly at Earth’s sur- 
face. All of the specimens 
shown here would fit in the 
palm of your hand. (Photo- 
graphs by the author.) 


stituent grains. We will now examine the main 
types of rocks that belong to each of the funda- 
mental groups of rocks—igneous, sedimentary, 
and metamorphic. 


Igneous Rocks 


When igneous rocks of Earth's crust are classified 
on the basis of their chemical composition, most 
fall into two major groups — felsic and mafic. The 
term felsic, which is derived from feldspar, the 
silicon-rich mineral seen in Figure AI-3, is used as 
a general designation for all silicon-rich igneous 
rocks. Such rocks are generally light-colored and 
of low density. Granite is the most abundant felsic 
igneous rock; two kinds of feldspar constitute 
about 60 percent of its volume (Figure AI-5). Not 
surprisingly, granite and other felsic rocks also 
contain high percentages of quartz. Continental 
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Potassium 
feldspar 


100 


Sodium-calcium 
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Percentage of silica 


strontium) that are attached to negative sulfate 
ions, each of which consists of sulfur bonded by 
four oxygens (SO,). Many sulfates also form at low 
temperatures near Earth's surface. 

Although oxides make up only a small per- 
centage of the large bodies of rock on Earth, these 
minerals form many important ore deposits. Rocks 
whose primary components are the oxides magne- 
tite (Fe3O,) and hematite (Fe,O3), for example, 
yield most of the iron that is put to human use. 
Many other ore minerals are sulfides, which are 
compounds of metals such as copper or iron in 
combination with sulfur. 


TYPES OF ROCKS 


Rocks are classified on the basis of their size, their 
composition, and the arrangement of their con- 
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FIGURE AI-6 The configurations of intrusive bodies 
of igneous rock. A pluton is a large body of irregular 
shape; a dike is a tabular body that cuts across layered 
rocks; and a sill is a tabular body that has been intruded 
between layers. 
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crust (Figure 1-16) is predominantly felsic, con- 
taining large volumes of granite-like rocks. Mafic 
rocks, in contrast, are relatively low in silicon and 
contain no quartz. Such rocks are, however, rich 
in magnesium and iron; hence their name, which 
derives from the ma in magnesium and the f in 
ferrous. This abundance of magnesium and iron 
makes mafic rocks, such as gabbro (Figure AI-5), 
darker and heavier than felsic rocks. Mafic rocks 
form most of the oceanic crust, while ultramafic 
rocks, which are even lower in silicon, form the 
mantle below the crust. Olivine (Figure AI-2) is 
one of the primary constituents of ultramafic 
rocks. 

Igneous rocks can also be classified according 
to grain size. This classification system is espe- 
cially useful in that grain size reflects the rate at 
which igneous rocks cooled from a molten state. If 
a rock cools slowly, its crystals can grow large, 
thus producing a coarse-grained rock, whereas 
rapid cooling "freezes" molten rock into small 
crystals that yield a fine-grained rock. The fine- 
grained equivalent of granite is called rhyolite, 
and the fine-grained equivalent of gabbro is called 
basalt. The dense rock that forms the oceanic crust 
consists primarily of basalt. 

Most molten rock that cools within the crust or 
at Earth’s surface comes from the mantle, as this 
molten rock rises, in the form ofa blob or plume, it 
melts the crustal rock with which it comes into 
contact. Molten rock found within Earth is known 
as magma, but when it appears at Earth’s surface 
through an opening called a vent, it is called lava. 
Some magma cools within Earth and thus never 
reaches the surface. Because cooling here usually 
takes place slowly, the result is nearly always an 
igneous rock of coarse grain size, such as granite 
or gabbro. Lava, in contrast, usually cools rapidly 
at Earth’s surface, and the result is usually a fine- 
grained igneous rock such as rhyolite or basalt. 

Magma that cools within Earth forms bodies 
of rock that are sometimes referred to as intru- 
sions — so called because they often displace or 
melt their way into preexisting rocks— or plu- 
tons. Sills, on the other hand, are sheetlike or tab- 
ular plutons that have been injected between sed- 
imentary layers, and dikes are similarly shaped 
plutons that cut upward through sedimentary 
layers or crystalline rocks (Figures AI-6 and AL 7). 

In contrast to intrusive, or plutonic, rocks, 
which form from magma at depths within Earth, 
extrusive, or volcanic, rocks form when lava cools 


with the felsic magma. Because felsic lava is more 
viscous than mafic lava, volcanoes on the surfaces 
of continents tend to take the form of tall cones. 
An example is Mount St. Helens, which erupted in 
the state of Washington in 1980 (Figure 1-1). At 
the summit of most volcanoes is a hollow crater 
that forms after an eruption, when the unerupted 
lava sinks back down into the vent and hardens. 

Volcanic rocks can also form in ways that do 
not involve the cooling of flowing lava. Some vol- 
canic eruptions, for example — including that of 
Mount St. Helens in 1980 — are explosive, hurl- 
ing solid fragments of previously formed voleanie 
rock great distances. These fragments range in 
size from dust to blocks several meters across. 
Loose debris of various sizes settles to form rock 
known as tuff. Although tuff is deposited in the 
same manner as sedimentary rock, it is usually 
classified as volcanic simply because it consists of 
volcanic particles. In fact, some tuffs form from 
hot grains that melt together as they settle, but 
others harden after water percolating through 
them precipitates cement. Rocky material, how- 
ever, is not all that issues from volcanic vents. 
Gases of many kinds are also emitted from volca- 
noes along with rock fragments, and in volcanic 
areas such as Yellowstone Park, steamy geysers 
shoot up from sites where underground water is 
heated against magma and vaporized. 





FIGURE AI-9 Recently cooled lava in Hawaii, show- 
ing ropy structure. (Peter Kresan.) 
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FIGURE AI-8 Flows of Miocene basalt along the Co- 
lumbia River near Vantage, Washington. The cliff is 
about 330 meters (—1100 feet) high. Figure 16-23 
shows the widespread distribution of these so-called 
Columbia River Basalts. (Washington Department of 
Conservation and Development.) 


at Earth's surface. Some volcanic rocks form sim- 
ply by flowing out of cracks called fissures, from 
which they spread over large areas. The volcanic 
rocks that spread widely from fissures are almost 
always mafic, because felsic lavas are more viscous 
than mafic lavas. Mafic extrusive rocks that have 
flowed widely are often referred to as flood basalts 
(Figure AI-8). 

Other lavas erupt from tubes or fissures to 
build the cone-shaped structures that we call vol- 
canoes. Volcanoes that form oceanic crust seldom 
produce tall, narrow cones but instead form broad 
cones called shield volcanoes. This shape results 
from the mafic composition of oceanic lavas, 
which gives the lavas a low viscosity that allows 
them to spread rapidly in all directions (Figure 
AI-9). Lava that emerges from the crust beneath 
the sea cools rapidly in a way that gives its surface 
a hummocky configuration, creating rock known 
as pillow basalt (Figure AI-10). On continents, hot 
magma that rises toward the Earth's surface often 
melts surrounding felsic rock, thereby mixing 
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Biogenic sediments consist of mineral grains 
that were once parts of organisms. Some of these 
grains are pieces of organic skeletons, such as snail 
shells or “heads” of coral, and others are the tiny, 
complete skeletons of single-celled creatures. 
Most biogenic sediments, however, consist of the 
skeletal remains of a variety of organisms rather 
than just one or two. 

We will soon examine these three types of 
sedimentary rocks in greater detail, beginning 
with the siliciclastic group. First, however, it is 
necessary to consider where the clasts of silici- 
clastic rocks come from. 


Erosion and Sediment Production As we have 
seen, rocks are not indestructible; those that are 
located at or near Earth’s surface can be trans- 
formed by chemical reactions or broken by exter- 
nal forces. The products of this decay ultimately 
move away from the site of origin under the influ- 
ence of gravity, wind, water, or ice. As we notedin 
Chapter 1, the term erosion is used to describe all 
of the processes that cause rock to loosen and 
move downhill or downwind. Erosion refers both 
to the chemical processes that loosen particles of 
rock and to the physical processes that break rock 
apart and transport the resulting particles. 

The term weathering is applied to those 
aspects of erosion that take place before transport. 
There are physical as well as chemical weathering 
processes. Ice, snow, water, and earth movements 
are the primary agents of physical weathering. 
Water expands when it freezes, and when it 
freezes in cracks and crevices within rocks, it 
exerts such tremendous pressure that it can often 
split rocks apart. Earth movements, which are dis- 
cussed in Appendix II, can also fracture rock. 

Destructive chemical processes constitute the 
most pervasive kind of weathering, and water and 
watery solutions act as its primary agents. Water at 
Farth's surface, for example, readily converts 
feldspar to clay, carrying away some ions in the 
process. Because feldspars are the most abundant 
minerals in the igneous rocks of continents (Fig- 
ure AI-3), clay is also very abundant at Earth's 
surface. Like micas, clay minerals are sheet sili- 
cates (Figure AI-3). Clay differs from mica, how- 
ever, in that the molecular structure ofits sheets is 
weak. Thus clay minerals do not form large flakes, 
such as those that typify mica; it is the minuteness 
of their flakes that gives clay sediments their fine- 
grained texture. 
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FIGURE ۸1-10 Pillow basalts that formed at Española, 
one of the Galápagos islands, more than 3 million years 
ago, when lava cooled beneath the sea. Most of the “‘pil- 
lows" are less than 1 meter (— 3 feet) across. (Photo- 

graph by the author.) 
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Sediments and Sedimentary Rocks 


Most sediments that form rocks belong to one 
of three categories— siliciclastic, chemical, or 
biogenic. 

To understand what siliciclastic sediments 
are, one must first understand what a clast is. A 
clastisa particle of rock that has been transported; 
clastic rocks are aggregates of clasts. Clasts are the 
solid products of erosion (see below) and are also 
referred to as detritus, and the adjective detritalis 
often applied to clastic rocks that have been trans- 
ported and deposited by wind, water, or ice. Sili- 
ciclastic sedimentary rocks, then, are detrital 
rocks that are composed of silicate clasts. Clasts 
composed of quartz and clay are particularly com- 
mon at Earth's surface because they are supplied 
in vast quantities by the breakdown of preexisting 
rocks under conditions in which many other solid 
materials are destroyed. Often, however, grains 
that are mineral aggregates and grains consisting 
of feldspars and other individual minerals also sur- 
vive this breakdown process to become compo- 
nents of siliciclastic rocks. 

Chemical sediments are created by precipita- 
tion from natural waters; most accumulate near 
the site where they originally formed. Many 
chemical sediments form by the evaporation of 
bodies of water. 


crumbly iron oxide either within the rock where 
they formed or close to the area in which that rock 
was exposed to air and water. In the same manner, 
feldspars are rarely found on sandy beaches, be- 
cause most turn to clay either within or close to 
their parent rocks. 


Siliciclastic Sedimentary Rocks Siliciclastic sed- 
imentary particles and rocks are classified accord- 
ing to grain size, as Figure AI-12 illustrates. In this 
definitional system, the term clay denotes parti- 
cles that are smaller than 515 millimeter. Although 
this quantitative definition may seem redundant 
and eontradictory, because clays also constitute a 
family of sheet silicate minerals, the use of the 
term clay in referenee to both mineralogy and 
particle size seldom creates confusion. Nearly all 
clay mineral particles are of elay size and nearly all 
particles of clay size are clay minerals. Mud is a 
term that embraees aggregates of clay, silt, or 
some combination of clay and silt. Material of 
sand size ranges from +; millimeter to 2 millime- 
ters, and gravel includes all particles larger than 
sand, including granules, pebbles, cobbles, and 
boulders. 

When sediment settles from water, coarse- 
grained particles settle faster than fine-grained 
particles, as can be seen when sediments of 
various grain sizes are mixed with water in a tall 
glass container and allowed to settle (Figure 
AI-13). Clay settles so slowly in water that in na- 
ture very little of it falls from rapidly moving water 
such as that of a river channel or a wave-ridden 
sandy shore of the ocean. Instead, most of it is 
deposited in calm waters such as those of lakes, 
quiet lagoons, and the deep sea. 

Not only do coarse sediments settle more 
quickly from water than do fine sediments, but 
they are also less easily picked up or rolled along 
surfaces by moving water. Gravel, for example, 
tends to be deposited near its source area (the area 
in which it was originally produced by erosion); 
thus gravel usually accumulates along the flanks of 
the mountains from which it is eroded, seldom 
reaching the center of large oceans. 

Siliciclastic rocks are classified according to 
composition as well as grain size. Rocks formed 
largely of clay-sized particles, for example, consist 
primarily of flakes of clay minerals, because few 
other minerals are abundant in nature at such a 
small size. When rocks such as these exhibit a 
tendency to break along bedding surfaces, they 
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FIGURE AI-1 oulder of gab- 
bro in Mesa Grande, San Diego County, California. As 
minerals in the gabbro undergo chemical weathering, 


layers of rock “‘spall off’ and crumble to clay and other 
minerals. (W. T. Schaller, U.S. Geological Survey.) 


Quartz, in contrast to feldspar, is quite resist- 
ant to weathering, a characteristic that accounts 
for the abundance of sand on Earth's surface. Most 
sand consists of quartz grains that are similar in 
size to, or slightly smaller than, the quartz grains 
of granites and similar crystalline rocks. 

When the feldspar grains of a crystalline rock 
weather to clay, the rock crumbles, releasing both 
the flakes of clay and the grains of quartz as sedi- 
mentary particles (Figure AI-11). Rainfall or the 
meltwaters of snow or ice wash many of these par- 
ticles into streams, from which they are carried to 
larger bodies of water. Eventually many of the 
particles settle from the waters of rivers, lakes, or 
oceans as sediment, which in time may become 
hard sedimentary rock. 

Both water and oxygen take part in the weath- 
ering of mafic rocks, converting these iron-rich 
minerals to iron oxide minerals that resemble rust. 
In the process, silica is carried away in solution. 
Because mafic rocks form by solidification of 
magmas at higher temperatures than felsic rocks, 
mafic minerals at Earth's surface are generally less 
stable than felsic minerals and therefore undergo 
more rapid chemical weathering. Mafic minerals 
are rarely seen in the beach sands that fringe 
oceans, because most of these minerals weather to 
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sand dominates are called sandstones. Rocks in which 
silt dominates are called siltstones. Rocks formed of clay 
are called claystone if they are massive and shale if they 
are fissile (or platy). Siltstones, claystones, and shales 
are all varieties of mudstone. All of the specimens 
shown here would fit in the palm of your hand. 
(Photographs by the author.) 


are said to be fissile and are called shale. Not all 
rocks composed primarily of clay are fissile, how- 
ever, because fissility results from the horizontal 
alignment of flakes of clay during deposition. Thus 
claystone, arock that is identical in composition to 
shale, exhibits little or no fissility because of the 
irregular orientation of its clay particles. 

Most sedimentary grains of silt and sand size 
are composed of quartz. Even though quartz is 
very hard, quartz grains suffer abrasion as they 
bounce and slide downstream along the floors of 
rivers. In the process, they tend to become smaller 
and more rounded. Because so many sand-sized 
grains are quartz, the word sandstone is some- 
times automatically interpreted to mean quartz 
sandstone. There are, however, several other 


FIGURE AI-12 Classification of sedimentary rocks ac- 
cording to grain size. Sediments range in size from clay 
to silt, sand, and gravel; gravel is divided into granules, 
pebbles, cobbles, and boulders. Gravelly rocks are 
called conglomerates when their pebbles and cobbles 
are rounded and breccias when they are angular; these 
rocks normally contain sand as well. Rocks in which 
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FIGURE AL13 The settling pattern of sediment after 
it is suspended in water (A). The coarsest sediment set- 
tles most quickly and therefore ends up at the bottom of 
the deposit; the finest sediment settles last (B). 


slightly different origin. As described in Chapter 
3, bedding patterns, which are termed sedimen- 
tary structures, reflect modes of deposition and 
provide useful tools for interpreting the environ- 
ments in which ancient sediments were deposited. 

A graded bed is one in which grain size de- 
creases from the bottom to the top (Figure 
AI-14A). This pattern usually results from the 
normal settling process that charaeterizes sedi- 
ments of mixed grain size, with the coarser sedi- 
ment settling more rapidly than finer sediment 
(Figure AI-13). 

When beds or laminations are deposited at an 
angle from the horizontal, the pattern that they 
form is referred to as cross-stratification (Figure 
AI-14B). Cross-stratification forms by deposition 
of sediment along the slope of a dune or sandbar. 
In many cases, one set of parallel cross-strata in a 
rock cuts across another, reflecting a shift in the 
position of the depositional slope accompanied by 
the erosion of previous deposits. Because eross- 
stratification reflects the general direction in 
which sediment was carried, measurement of the 
orientation of cross-stratification in ancient rocks 
often provides a strong indication of the orienta- 
tion of an ancient river or shoreline. 

Ripples, which are small elongate dunes that 
form at right angles to the direction of wind or 
water movement, can also reveal the direction of 
water movement in ancient environments. Rip- 
ples often produce cross-stratification as well 
(Figure AI-14C). 

A variety of processes transform soft siliciclas- 
tic sediments into hard rock. These processes, 
which affect sediments after deposition but before 
metamorphism, are collectively referred to as dia- 
genesis. Both physical and chemical diagenetic 
processes harden, or lithify, sediment. The pri- 
mary physical process of lithification is compac- 
tion, a process in which grains of sediment are 
squeezed together beneath the weight of overly- 
ing sediment. The extent of compaction varies 
with grain size. Sand grains, for example, are de- 
posited closely packed, so sand-sized sediments 
experience only a small amount of compaction. 
When clay particles are deposited, on the other 
hand, they are often separated by films of water 
that represent as much as 60 percent of the total 
sediment volume. This is why muddy sediments 
usually experience a great deal of compaction 
after burial, as water is squeezed from them. In the 
process, the sediments become hardened. 
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kinds of siliciclastic rocks that consist largely of 
sand-sized grains. One of these is arkose, whose 
primary constituents, grains of feldspar, often 
give the rocka pinkish color. Arkose usually accu- 
mulates only in proximity to its parent rock, soon 
after the feldspar grains are released by partial 
weathering and erosion. 

Another important rock in which sand-sized 
particles normally predominate is graywacke, 
which is so designated because it is usually dark 
gray. Graywacke consists of a variety of sedimen- 
tary particles, including sand-sized and silt-sized 
grains of feldspar and dark rock fragments and also 
substantial amounts of clay. Most of the clay in 
graywacke was not carried to the environment of 
deposition in its present state but was formed by 
the disintegration of larger grains within the rock. 
Chemieally unstable grains of feldspar and other 
minerals were initially present in graywacke, be- 
cause most graywackes were deposited by rapidly 
moving water currents that carried particles 
from the source area to the place of deposition, 
leaving little time for disintegration before burial. 
Conversion of particles to clay took place after 
deposition. 

A rock that contains large amounts of gravel is 
termed a conglomerate if the gravel is rounded 
and a breccia if it is angular. In both cases, how- 
ever, sand or granules nearly always fill the spaces 
between the pieces of gravel. Grains are said to be 
poorly sorted when they are of mixed sizes, and 
the implication is that moving water did not sepa- 
rate the grains well according to size before they 
were deposited. Sand along a beach, in contrast, 
has usually been washed and transported by water 
currents and waves, and thus it tends to be well 
sorted —that is to say, it tends to consist of parti- 
cles whose size range is very narrow. Most of the 
particles in a handful of beach sand are likely to be 
either medium- or fine-grained. 

Siliciclastic grains vary not only in size and 
chemical composition but also in the manner in 
which they are arranged within rocks. When the 
cross section of a sedimentary rock is examined, 
distinct divisions are revealed. These divisions, 
which are called beds if they are thicker than 1 
centimeter and laminations if they are thinner, 
usually represent discrete depositional events. 
Often the grains at the base of one bed are either 
coarser or darker and heavier than those of the 
bed below — or else these grains differ conspicu- 
ously in some other way that reflects a later and 


487 


Appendix | Minerals and Rocks 





B. Cross-stratification in a sandstone. C. Ripples on a 
bed of sandstone. (Photographs by the author.) 


they transmit light and thus can be examined by 
microscope (Figure AI-15). Cementation is less 
extensive in clayey sediments than in clean sands 
because after clays undergo compaction, they are 
relatively impermeable to mineral-bearing solu- 
tions. Clean sands are initially much more perme- 
able than clays, but their porosity is reduced — 
and sometimes virtually eliminated—by pore- 
filling cement. 

Cement sometimes gives sedimentary rocks 
their color. This is often the case for red siliciclas- 
tic sedimentary rocks called red beds. Some red 
beds are mudstones, some are sandstones, and 
some are conglomerates, but almost all derive 
their color from iron oxide, which acts as a 
cement. 


Chemical and Biogenic Sedimentary Rocks The 
grains that form chemical and biogenic sedimen- 
tary rocks were not produced by erosion but in- 
stead were precipitated within the bodies of water 
in which they accumulated. Some chemical and 
biogenic sediments are difficult to distinguish 
from one another, so we will consider both types. 

The most common chemical sedimentary 
rocks are evaporites, which form from the evapo- 
ration of seawater or other natural water. Many 
evaporites are massive, well-bedded deposits that 
consist of vast numbers of crystals (Figure AI-16). 
Among the most important evaporites are anhy- 
drite (calcium sulfate, CaSO,) and gypsum (cal- 
cium sulfate with water molecules attached, 
CaSO,: H,O). It is important to note, however, 
that the terms anhydrite and gypsum refer both to 
the minerals with these names and to rocks that 
are composed largely of these minerals. Halite is 


FIGURE AI-14 Sedimentary structures. A. A graded 
bed, with gravel at the base (5 centimeters [~ 2 inches]). 


Chemical diagenesis takes many forms, one of 
the most important of which is the lithifying pro- 
cess of cementation. In this process, minerals 
crystallize from watery solutions that percolate 
through the pores between grains of sediment. 
The cement that is thus produced may or may not 
have the same chemical composition as the sedi- 
ment. Sandstone, for example, is often cemented 
by quartz but more commonly by calcite. Cement 
is most easily studied by examination of thin sec- 
tions, which are slices of rock ground so thin that 
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FIGURE AI-15 Cement bordering quartz grains in 
sandstone as seen microscopically in a thin section. 
Here the rounded sand grains appear gray or white in 
polarized light, depending on their orientation, and 
granular calcite cement between the grains is iridescent. 
(Peter Kresan.) 


ules (Figure AI-17). Typically, impurities give 
chert a gray, brown, or black color. Chert also 
breaks along curved, shell-like surfaces; American 
Indians took advantage of this feature when they 
fashioned chert into arrowheads. Some eherts 
form within bedded rock such as limestone when 
nodules or layers grow from silica-rich solutions 
that have moved through the rock. On the other 
hand, some bedded cherts are thought to have 
formed by direct precipitation of silica (SiO) from 
seawater, and others are biogenic deposits that 
result from the accumulation on the seafloor of the 
microscopic skeletons of single-eelled organisms. 
These skeletons consist of a type of silica that 
differs from quartz in that it is amorphous (or non- 
crystalline). During diagenesis, water percolates 
through deposits of these skeletons, converting 
them to very hard chert that consists of minute 
interlocking quartz crystals (Figures AI-17 and 
AI-18). Cherts older than 100 million years or 
so have suffered extensive chemical diagenesis; 
thus many are difficult to identify as biogenic or 
chemical. 

Phosphate rocks consist primarily of calcium 
phosphate. Although they are of marine origin, 
their precise mode of formation is not known. It 
would appear that these rocks form in areas where 
marine life is abundant, because this is thought to 
be the source of their phosphate. 

Iron formations are complex rocks that usu- 
ally consist of oxides, sulfides, or carbonates of 





FIGURE AI-18 Photomicrograph of lithified siliceous 
ooze that forms the Caballos Formation of mid- 
Paleozoic age. Ghosts" of sponge needles and radiolar- 
ians are still visible. (E. F. McBride.) 
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FIGURE ۸1-16 Nodular gypsum roek of Miocene age 
from Sicily. (L. A. Hardie.) 


another term that refers both to a mineral and to 
an evaporite rock. It is the presence of sodium 
chloride in large amounts that makes seawater 
salty, so it is no surprise that halite (Figure AI-1) 
should accumulate in large quantities when sea- 
water evaporates. Halite deposits have great eco- 
nomic value, providing us both with table salt 
and with the rock salt that is used to melt ice on 
highways. 

Evaporites are readily precipitated from 
water but are also readily dissolved, so they do not 
survive long at Earth's surface except in arid cli- 
mates. When evaporites are buried far beneath 
younger deposits, however, they are protected 
from potentially destructive groundwater and 
thus can survive for long geologic intervals. 

Other types of chemical sediments are less 
abundant than evaporites. Among the most im- 
portant of these are chert, phosphate rocks, and 
iron formations. Chert, which is also called flint, is 
composed of extremely small quartz crystals that 
have been precipitated from watery solutions. 
Some cherts occur as bedded rocks, while others 
appear as irregular, rounded masses called nod- 





FIGURE AI-17 A chert nodule. (Photograph by the 
author.) 
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carbonate sands and carbonate muds, and we find 
that carbonate sands display many of the sedimen- 
tary structures that we also see in siliciclastic 
sands, including cross-stratification. Most carbon- 
ate particles that are sand-sized or larger can be 
seen to be skeletal particles (Figure AI-19), but it 
is often difficult to determine the origin of mud- 
sized material. Even aragonite needles, which are 
the primary components of carbonate muds, are 
produced both by direct precipitation and by the 
collapse of carbonate skeletons, especially of 
algae. In ancient fine-grained limestones, aragon- 
ite needles have been transformed to tiny calcite 
grains. The resulting granular texture reveals lit- 
tle about the configuration or mode of origin of 
the original carbonate particles. 

Calcium carbonate is precipitated only from 
seawater that contains relatively little carbon 
dioxide, and carbon dioxide is less soluble in warm 
water than in cold water. Thus carbonate sedi- 
ments accumulate primarily in tropical seas, 
where winter water temperatures seldom drop 
below 18°C (~ 64°F). This condition not only ex- 
plains the direct precipitation of carbonate min- 
erals in tropical or near-tropical seas but also ac- 
counts for the fact that few organisms that live in 
cold water secrete massive skeletons of calcium 
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FIGURE AI-19 es. This polished slab consists 
primarily of Eocene snails, which average 2-3 centime- 
ters (~ 1 inch) in length. (Peter Kresan.) 
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iron, often in association with chert. Iron forma- 
tions are widespread only in very old Precambrian 
rocks, and many form important iron ore deposits. 
They are examined in greater detail in Chapter 9. 

Limestones include both chemical and bio- 
genic bodies of rock. Because they are not as solu- 
ble in water as evaporites, limestones are much 
more common at Earth’s surface, where they are 
quarried extensively for the production of build- 
ing stone, gravel, and concrete. Although ancient 
limestones consist primarily of the mineral calcite 
(Figure AI-4), many of their grains were initially 
composed of the mineral aragonite. (You will re- 
call that aragonite has the same chemical compo- 
sition as calcite but differs in its crystal structure.) 
Aragonite can form at the temperatures and pres- 
sures that exist at Earth's surface, but it is rela- 
tively unstable under these conditions and in time 
becomes transformed into calcite. Little or no ara- 
gonite remains in mostlimestones older than a few 
million years. 

Dolomite is a carbonate mineral that is rela- 
tively uncommon in modern marine environ- 
ments but common in many ancient rocks. As 
mentioned earlier, it differs from calcite in that 
half of the calcium ions of the crystal lattice are 
replaced by magnesium ions. In fact, much dolo- 
mite has formed by the chemical alteration of cal- 
cite. When dolomite is the dominant mineral of an 
ancient rock, the rock is also called dolomite. Be- 
cause limestones and dolomites are often inti- 
mately associated and frequently intergrade with 
one another in mineral composition, they are 
sometimes referred to collectively as carbonate 
rocks. Similarly, unconsolidated sediments con- 
sisting of aragonite, calcite, or both minerals are 
often called carbonate sediments. 

Carbonate sediments form in two ways: by the 
direct precipitation of aragonite needles from 
seawater and through the activities of organisms. 
Many types of marine life, including corals and 
most mollusks, grow shells or other kinds of skele- 
tons that consist of aragonite or calcite. At death or 
even earlier, these organisms contribute skeletal 
material to the seafloor as sedimentary particles. 
Some of these particles retain their original sizes, 
while others diminish in size through breakage or 
wear. The product of this biological contribution 
is an array of carbonate particles that are similar to 
siliciclastic grains and, like siliciclastic grains, can 
be classified according to size. Thus we speak of 





FIGURE ۸۱-20 A cataclastic breccia formed by the 
fracturing of rock during an igneous intrusion. The 
large fragments consist of the metamorphic rock horn- 
fels, which was produced by local heating of rocks by 
magma. Later, pressure from the igneous intrusion frag- 
mented the hornfels to form the breccia. (H. C. Granger, 
U.S. Geological Survey.) 


when heat and especially pressure are so intense 
that they cause the particles of these rocks to grow 
together and interpenetrate. Nonetheless, dy- 
namic metamorphism is primarily a physical 
rather than a chemical process. 


Regional Metamorphism For reasons that are 
discussed in Chapter 7, igneous activity usually 
extends along the length of an actively forming 
mountain chain. Along each side of such an 
igneous belt is a zone of regional metamorphism 
produced by high temperatures and pressures ex- 
tending outward from the igneous belt. Most 
rocks in zones of regional metamorphism display a 
texture known as foliation, which is an alignment 
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carbonate. Carbonate sediments can also form in 
freshwater habitats, usually as a result of the car- 
bonate-secreting activities of certain algae. 

Unlike siliciclastic clays, carbonate rocks do 
not compact greatly after burial. Instead, they 
harden primarily by cementation, in the same 
manner as siliciclastic sands. Carbonate sediments 
are nearly always cemented by carbonate miner- 
als simply because rich sources of such cements 
are close at hand. 


Metamorphic Rocks 


Metamorphic rocks form by the alteration of other 
rocks at temperatures and pressures that exceed 
those normally found at the Earth’s surface. Meta- 
morphism alters both the composition and the 
texture of all kinds of other rocks —igneous rocks, 
sedimentary rocks, and rocks that are already 
metamorphic. 

There are three fundamental types of meta- 
morphism: dynamic, regional, and contact. Dy- 
namic metamorphism, which results from move- 
ments of earth, causes rock to fracture and even 
pulverize along zones of movement and then 
welds the resulting fragments together in new 
textures. In this type of metamorphism, pressure 
plays a greater role than temperature. Regional 
metamorphism transforms deeply buried rocks at 
high temperatures and pressures; as its name im- 
plies, this process operates over areas whose di- 
mensions are measured in hundreds of kilometers. 
Contact metamorphism is caused by igneous in- 
trusion, which “bakes” surrounding rock. This is 
usually a local phenomenon that may occur deep 
within Earth or near the surface. High tempera- 
ture usually plays a larger role in contact meta- 
morphism than high pressure. 

We will take a closer look at the three classes 
of metamorphism and the rocks that they 
produce. 


Dynamic Metamorphism When movements of 
the solid Earth or of magma cause rocks to bend 
intensively or to break apart, the rocks may be 
shattered or their grains squeezed into new 
shapes and orientations. The resulting rocks are 
called cataclastics (Figure AI-20). Most cataclastic 
rocks become lithified at the time of deformation, 
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grade rock, and gneiss (C) is a high-grade rock. (Photo- 
graphs by the author.) 


Not all rocks in regional metamorphic zones 
are foliated. Some have homogeneous, granular 
textures, which indicate not only that their inter- 
locking mosaics of crystals lack preferred orienta- 
tions but also that certain minerals are not segre- 
gated into bands. Marble and quartzite, for 
example, are usually homogeneous, granular 
metamorphic rocks. Marble consists of calcite, 
dolomite, or a mixture ofthe two, and itforms from 
the metamorphism of sedimentary carbonates. 
Quartzite consists of nearly pure quartz, and it 
forms from the metamorphism of quartz sand- 
stone. The simple mineralogical composition of 
marble and quartzite, together with their lack of 
platy minerals, prevents both of these rocks from 
exhibiting foliation even when they form under 
great pressure. 


Contact Metamorphism Contact metamorphism 
is a more localized phenomenon, but it is like re- 
gional metamorphism in displaying a gradient: 
The grade of metamorphism declines away from 
the heat source. Hornfels usually forms in areas 
adjacent to local igneous intrusions. This is a fine- 
grained granular metamorphic rock of varying 
composition that is formed at high temperatures 
(Figure AI-20). Farther away are lower-grade 
metamorphic rocks that may be either granular or 
foliated (Figure AI-22). 


The Upper Limit of Metamorphism When con- 
ditions become so hot that a rock melts, metamor- 
phism ceases. Rocks that form when the resulting 
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FIGURE AI-21 Foliated metamorphic rocks. Slate (A) 
is a low-grade metamorphic rock, schist (B) is a medium- 


of platy minerals caused by the pressures applied 
during metamorphism (Figure AI-21). Gneiss is a 
coarse-grained metamorphic rock whose inter- 
grown crystals resemble those of igneous rock but 
whose minerals tend to be segregated into wavy 
layers. Schist consists largely of platy minerals 
such as micas, which lie roughly parallel to one 
another in such a way that the rock tends to break 
along parallel surfaces. Slate is a finer-grained 
rock in which aligned platy minerals produce fis- 
sility much like that of shale. The mineral align- 
ment of slate, however, results from deforma- 
tional pressures rather than from depositional 
orientation of the sort that produces the bedding 
of shale. 

Metamorphic rocks of a particular texture can 
form over a wide range of temperature and pres- 
sure conditions. Mineral assemblages of meta- 
morphic rocks, however, serve as critical “‘ther- 
mometers'" and “barometers,” varying with the 
temperature and pressure of metamorphism. 
White micas, for example, occur only in low- and 
medium-grade metamorphic rocks. (Grade is the 
word used to indicate level of temperature and 
pressure.) The green mica-like mineral chlorite is 
more restricted in its occurrence, because it is 
exclusively a low-grade mineral. In contrast, py- 
roxenes (Figure AI-3) are restricted to rocks of 
intermediate and high grade. The grade of meta- 
morphism in a regional metamorphic zone typi- 
cally declines away from the neighboring belt 
of igneous activity that supplied the heat for 
metamorphism. 








FIGURE ۸1-22 Contact metamor- 
phism adjacent to a granite pluton. The 
heat from the magmatic intrusion that 
formed the pluton metamorphosed the 
sediments that were intruded. The sedi- 
ments closest to the pluton were meta- 
morphosed to hornfels, a fine-grained 
metamorphic rock that forms at high 
temperatures. A series of metamorphic 
zones with other mineral assemblages 
extends away from the pluton, with as- 
semblages formed at progressively 
lower temperatures away from the plu- 
ton. (After F. Press and R. Siever, Earth, 
W. H. Freeman and Company, New York, 
1982.) 


foliation. Those that consist largely of quartz and 
feldspar are known as granulites. High-grade 
metamorphic rocks are difficult to distinguish 
from igneous rocks, and the origins of many high- 
temperature rocks are the subject of debate. 
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molten material cools are then classified as 
igneous. Very high-grade metamorphic rocks that 
nearly pass through a molten state before cooling 
resemble coarse-grained igneous rocks in that 
they are granular rocks that display little or no 
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Deformation Structures in Rocks 


shape, or break along parallel planes. (In the last 
case, a grain deforms in the way a deck of cards on 
a table changes shape when we push on one end of 
the deck near the top.) Internal deformation of a 
large body of rock by any of these mechanisms 
takes place very slowly, but when many of the 
grains are affected, the entire body of rock can 
undergo radical changes in shape in the course of 
millions of years. Such changes usually take place 
at great depths within Earth’s crust. 

One common type of large-scale rock defor- 
mation is referred to as folding. Compressive 
forces can shorten Earth’s crust, creating folds 
(Figure 1-14) that come in many sizes. When 
folded sedimentary rocks are viewed with their 
oldest beds at the bottom and their youngest beds 
on top, the folds that are concave in an upward 
direction, with their vertexes at the bottom, are 
termed synclines, while those that are concave in 
a downward direction, with their vertexes at the 
top, are termed anticlines (Figure AII-1). Many 
rocks do not simply bend when they are folded; 
instead, material is displaced from one part of a 
bed toward another. When alarge, complex body 
of rock is subjected to an external force, certain 
weak beds are often more intensely folded than 
other, more durable beds. Shales, for example, 
tend to be weak and to deform quite severely in 
comparison with massive sandstones and lime- 
stones that are subjected to the same forces. 


It has long been known that the rocks of Earth's 
crust and the fossils within them can be fractured 
and deformed on a very large scale. Especially 
where mountains have been uplifted, pieces of 
crust extending many square kilometers have 
been transported great distances, and large bodies 
of rock have been contorted in complicated ways. 
In Chapter 1 we noted that the study of these 
movements is called tectonics. Many of the forces 
that have caused such movements result from the 
motions of large plates of the lithosphere — 
motions that are considered in Chapters 6 and 7 
under the label of plate tectonics. This appendix 
summarizes the kinds of geologic structures that 
result from the application of large forces to rock. 
It also illustrates how these visible structures 
allow us to decipher earth movements of the past. 


BENDING AND FLOWING OF ROCKS 


We can see from geologic outcrops that rocks have 
been warped, twisted, and folded, and that they 
have even flowed. Appendix I makes the state- 
ment that most rocks consist of discrete mineral 
grains. When forces are applied to a rock, the 
component grains may be affected in various 
ways; they may slide past one another, change 
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Press and R. Siever, Earth, W. H. Freeman and Company, 
New York, 1986.) 


ity, many folds are asymmetrical, with one limb 
(or flank) dipping more steeply than the other. If 
either limb is rotated more than 90° from its origi- 
nal position, the fold is said to be overturned (Fig- 
ure AII-3); a fold lying on one limb, with the axial 
plane nearly horizontal, is said to be recumbent. 

The axis of a fold is the line of intersection 
between the axial plane and the beds of folded 
rock. Often the axis plunges, which means that it 
lies at an angle to the horizontal (Figure AII-4A). 


Overturned folds 
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FIGURE AII-3 Cross-sectional views of overturned 
and recumbent folds. Both limbs of an overturned fold 
dip in the same direction. One limb of a recumbent fold 
is upside down. (After F. Press and R. Siever, Earth, 

W. H. Freeman and Company, New York, 1986.) 
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FIGURE ۸1-1 Block diagram of humplike folds, or 
anticlines, and troughlike folds, or synclines. (After F. 


Igneous and metamorphic rocks are rclatively du- 
rable, but they, too, can be folded. 

To describe shapes of folds in greater detail, 
geologists have developed special terminology. 
A tilted bed, for example, is said to have a dip—a 
term that describes the angle that the bed forms 
with the horizontal plane. In other words, the dip 
is the direction in which water would run down 
the surface of the bed. The strike of a bed, in 
contrast, is the compass direction that lies at right 
angles to the dip (Figure AII-2); strikes are 
always horizontal. It is sometimes said that the 
regional strike for a given area is in a particular 
geographic orientation — north - south, say. This 
does not mean that every strike in this area has 
the same orientation, only that most of the fold 
axes trend north- south, so that the strikes of 
most beds do too. 

A fold is said to have an axial plane, which is an 
imaginary plane that cuts through the fold and 
divides it as symmetrically as possible. In actual- 





and dip of inclined beds. 
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When a plunging fold is truncated by erosion, its 
beds form a curved outcrop pattern (Figures AII- 
4B and AII-5). A series of plunging folds then pro- 
duces a scalloped surface pattern (Figure AII-6). 
Because most folds plunge (we could not expect 
manv to be perfectly horizontal), this scalloped 
pattern is characteristic of regions where sedi- 
mentary rocks have been extensively folded. 
Stratified rocks do not always bend into folds 
such as those just described. Local uplift of a sedi- 
mentary sequence can form a dome, and local de- 
pression can form a basin. Both of these struc- 
tures, when eroded, yield concentric, circular 
bands of outcrop for stratified rocks. There is a 
simple way to distinguish the outcrop pattern of a 
dome from that of a basin. In a dome, the oldest 
beds lie in the center, whereas in a basin, it is the 
youngest beds that are centrally positioned (Fig- 
ure AII-7). Some basins are enormous. The entire 
state of Michigan, for example, forms the central 
part of a structural basin (Figure AII-8). It is im- 
portant to understand, however, that some struc- 
tural domes form topographic basins when the 
oldest (central) beds happen to be weak so that 
they erode easily. This is true ofthe basinshown in 
Figure AII-9, in which many of the beds forming 
the flanks stand well above the heavily eroded 
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Geology Illustrated, W. H. Freeman and Company, New 
York, 1966.) 
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FIGURE AII-4 A plunging fold before (A) and after 
(B) truncation resulting from erosion. Note how ero- 
sion produces a curved outcrop pattern. 
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FIGURE ۸1146  Acrial view of a plunging fold. The 
view is along the axis of the Virgin Anticline of south- 
western Utah. Compare with Figure AII-4. (J. S. Shelton, 
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FIGURE AII-7 The concentric outcrop pattern of 

a structural basin (below) and of a structural dome 
(above). The rocks in the center of the structural basin 
are relatively durable and thus have remained at a high 
elevation; those in the center of the structural dome are 
relatively weak and have been deeply eroded to form a 
topographic basin. (After W. K. Hamblin and J. D. How- 
ard, Exercises in Physical Geology, Burgess Publishing 
Company, Minneapolis, Minnesota, 1975.) 
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FIGURE AII-8 A simplified geologic map of the state 
of Michigan. The fact that the youngest rock units are in 
the center indicates that this is a structural basin. The 
cross section from A to B shown above illustrates the 
configuration of the Coldwater and Marshall formations, 
which occur throughout most of the state but are buried 
beneath younger deposits in the center. This cross sec- 
tion has been constructed from information obtained by 
drilling. (After V. Brown Monnett, Amer. Assoc. Petrol. 
Geol. Bull. 32:629-688, 1948.) 








FIGURE AII-6 Block diagram (below) and map 
(above) showing the scalloped outcrop pattern of a 
series of plunging folds. Note that the resistant rock 
units form ridges on the eroded surface. (After W. K. 
Hamblin and J. D. Howard, Exercises in Physical Geol- 
ogy, Burgess Publishing Company, Minneapolis, 1975.) 
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Geology Illustrated, W. H. Freeman and Company, 
New York, 1966) 


more brittle fashion and simply break. Joints are 
fractures in rock that can result from various kinds 
of stress. In some bodies of rock, joints are ori- 
ented randomly, but a particular source of stress 
often forms a set of nearly parallel joints. Two or 
more intersecting sets give many outcrops a 
blocky or columnar appearance. Joints are simple 
fractures, along which there is no appreciable 
movement of the opposing rock surfaces. Faults, 
on the other hand, are fractures along which mea- 
surable movement has occurred. A fault, like a bed 
of rock, has an orientation that can be described 
by a strike and a dip. Various kinds of faults are 
seen in Figure AII-10. A normal fault has a steep 
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FIGURE AII-9 Structural dome near Rawlings, 
Wyoming. Here weak rocks in the center have been 
eroded deeply to form a topographic basin. (J. S. Shelton, 
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“core.” Similarly, the centers of structural basins 
sometimes stand at high elevations. 

Figure AII-9 also shows that a dome can be 
oblong rather than circular. An extremely elon- 
gate dome amounts to an anticline that plunges in 
two directions. Similarly, a very long basin 
amounts to a syncline that has upturned ends. 


BREAKING OF ROCKS 


Rocks do not always bend or flow when they are 
heavily stressed. Sometimes they behave in a 


Fault plane 





Normal fault 


Block before faulting 


FIGURE AII-10 Several types of faults. (After F. Press and R. Siever, Earth, 


W. H. Freeman and Company, New York, 1986.) 


then the upper block slides downward under the 
influence of gravity. A reverse fault, in contrast, 
usually results from compression, which causes 
the rock to fracture and the block above the frac- 
ture to slide up over the lower block. Strike-slip 
faults result from horizontal shearing forces — 
forces that break the rock at ahigh angle and move 
the blocks on each side of the break horizontally 
past each other. Rocks may move only a few centi- 
meters along a strike-slip fault, or they may move 
hundreds of kilometers. An oblique-slip fault is 
intermediate in character between a strike-slip 
fault and a normal or reverse fault. 

Low-angle reverse faults, termed thrust 
faults, can account for enormous earth move- 
ments when mountains form. Large, tabular seg- 
ments of crust known as thrust sheets may be 
transported for tens or even hundreds of kilome- 
ters along fault planes that lie just a few degrees 
from horizontal. 

Thrust faults are causally related to over- 
turned folds. A force that compresses bedded 
rocks to form an overturned fold may eventually 
break the bedded rocks and move the upper limb 
of the fold along a thrust fault (Figure AII-11). 
Thus it is not surprising that belts of deformation 
within many mountain chains have been formed 
by a combination of folding and thrusting. Elon- 
gate zones of such structures are known as fold- 
and-thrust belts (Figure AII-12). 
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FIGURE ۸11-11 An overturned fold can give rise to a 
thrust fault as force continues to be applied. (After F. 
Press and R. Siever, Earth, W. H. Freeman and Company, 
New York, 1986.) 
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dip — one that is closer to vertical than horizontal 
—and the rocks above the fault plane move 
downward in relation to those below. This type of 
fault is frequently formed when extensional 
stresses spread rocks apart; the rocks break and 
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The oldest beds (A) are Lower Carboniferous, and the 
youngest (H) are Paleogene. (After P. B. King, The Evo- 
lution of North America, Princeton University Press, 
Princeton, New Jersey, 1977.) 


Miles 


FIGURE ۸۲۲-12 A fold-and-thrust belt of the Rocky 
Mountains southwest of Calgary, Alberta, Canada. 
Thrust faults, shown as dark lines, are intimately asso- 
ciated with overturned folds. Thrusting has been toward 
the east, and folds are overturned in the same direction. 


Appendix II Deformation Structures in Rocks 499 


an idealized cross section of rocks within the Basin 
and Range Province of western North America. 
Here the sequence of events began with deposi- 
tion of horizontal sediments on top of crystalline 
basement (A), which was followed by folding and 
thrusting from the west (B). Next, an erosion sur- 
face developed, truncating the folds (C). Then a 
sheet of lava was spread over the erosion surface 
(D). Finally, normal faults broke the terrain into a 
series of blocks (E). We can reconstruct the se- 
quence of these events by working backward. The 
normal faulting had to be the last event, because 
the normal faults cut through all other features — 
through the sheet of lava, the folds, and the thrust 
faults. The next-to-last event must have been the 
extrusion of the lava sheet, because it was laid 
down on an erosion surface that truncated all 
other features except the normal faults. This im- 
plies that the folding and thrusting were the first 
mode of deformation. By using this kind of logic, 
we can unravel local geologic history. 

Paleozoic and Triassic sedimentary rocks that 
form the upper walls of the mile-deep Grand Can- 
yon of Arizona provide us with a more complex 
exercise in the analysis of regional geologic his- 
tory. Rocks of every Paleozoic period but the Or- 
dovician and Silurian are present along this great 
valley (an unconformity separates Devonian rocks 
from Cambrian rocks). Figure AII-14 shows how 
the regional history can be read from the Grand 
Canyon walls. 





Extensional stresses 


surface. E. Block faults break up the terrain. The final 
configuration (E) is all that geologists see, and from this 
they reconstruct the earlier events. (P. B. King, The Evo- 
lution of North America, Princeton University Press, 
Princeton, New Jersey, 1977.) 


Movement along most faults is sporadic. Be- 
tween movements, stress within Earth builds up 
against friction along the fault plane. Finally the 
stress overcomes the friction, and a sudden move- 
ment takes place. After stress builds up again, the 
process is repeated, and movement thus occurs in 
small steps. Sudden movement along a fault causes 
Earth to shudder: an earthquake occurs. It is diffi- 
cult to know just when stress will overcome fric- 
tion along a fault, and this is why we cannot accu- 
rately predict an earthquake. 

New faults have originated during recorded 
history, and measurable movement has also taken 
place recently along old faults. Active faults often 
produce visible linear features at Earth's surface 
(facing p. 128). Rocks are often fractured along 
fault planes, and fracturing tends to invite erosion 
where faults intersect Earth's surface. Thus faults 
may be expressed topographically as valleys. The 
Great Glen Fault, for example, runs the full width 
of Scotland and is generally marked by narrow 
valleys, one of which cradles Loch Ness, the lake 
famous for its apparently mythical monster. 


STRUCTURAL CROSS SECTIONS 


Sequences of folding and faulting leave records 
that can be decipheredto reveal Earth movements 
of the past. Àn example is seen in Figure AII-13, 





Thrust faulting 


FIGURE AII-13 Stages in the development of the 
Basin and Range Province of western North America, 
according to W. M. Davis. ۸. Sedimentary units are de- 


posited. B. The sedimentary deposits are folded and thrust- 


faulted by compressive forces. C. An erosion surface 
develops. D. Sheets of lava are spread over the erosion 
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Step 4. The deposition of units 1 through 4. 

Step 5. In places, faults have elevated units 1 
through 4 so that they are in contact with the older 
Vishnu Schist. The normal, or block, faulting that had 
this effect must therefore have followed the deposition 
of units 1 through 4. 

Step 6. After the block faulting, erosion planed off 
many irregularities in the topography. 

Step 7. On the erosional surface thus formed, the 
Paleozoic and Triassic sediments were laid down, with a 
major unconformity separating Cambrian and Devonian 
deposition (the Muav and Temple Butte limestones) and 
with minor unconformities separating some younger 
units. 

Later Steps. The section of rocks exposed in the 
Grand Canyon does not in itself reveal the history of the 
region after deposition of the Triassic sediments that cap 
the sedimentary sequence. Regional studies, however, 
show that Cenozoic uplift of the plateau over the past 2 
million years or so led to the formation of the present 
topography. 


FIGURE AII-14 The history of the Grand Canyon re- 
gion. Here the sequence of Paleozoic and Triassic rocks 
rests right side up on Precambrian rocks and is sepa- 
rated from them by an angular nonconformity. In some 
places the lowest Cambrian unit, the Tapeats Sandstone, 
overlies the Precambrian sedimentary rocks, and in 
others it overlies a metamorphic unit, the Vishnu Schist. 
The Vishnu itself is occasionally intruded by granite 
rocks. The intimate relationship between the intrusions 
and the metamorphic structures of the Vishnu Schist in- 
dicates that intrusion and metamorphism took place at 
the same time. A summary of the events recorded in the 
Grand Canyon region is as follows: 

Step 1. The earliest event that we can recognize is 
the deposition of the Vishnu sediments. We cannot re- 
construct the properties of these sediments in detail. 

Step 2. Next came the metamorphism of the Vishnu 
sediments to schist and the accompanying intrusion of 
the sediments by granitic rocks. 

Step 3. The Precambrian sedimentary unit num- 
bered 1 lies unconformably above the Vishnu. Step 3, 
then, is the development of an erosion surface on the 
Vishnu. 
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of Major Fossil Groups 


drogen sulfide (H,S), which smells like rotten 
eggs. Live in mud. Cannot tolerate oxygen. 
(Archean - Recent) 


Phylum “Anaerobic photosynthetic bacteria" 
The most primitive photosynthetic organisms. 
Some types tolerate very high or low tempera- 
tures, but few tolerate oxygen. (Archean- 
Recent) 


Phylum Cyanobacteria (cyanophytes, also called 
blue-green bacteria) Photosynthetic cells that 
are threadlike or nearly spherical. Form algal 
mats and stromatolites. (Archean - Recent) 
Figures 3-30, 3-31, 8-21, 8-22, 8-23, 8-24, 9-5, 
9-8, and 9-9; also opposite page 1, pages 210, 
212, and 242 


KINGDOM PROTOCTISTA 


Single-celled and simple multicellular eukary- 
otes, including algae. 


Phylum Dinoflagellata Floating algae, mostly 
single-celled. Characterized by two whiplike 
flagella. Important phytoplankton in lakes and 
in the ocean. Some species live as symbiotic 
individuals in the tissues of corals or other 


This is a compilation of important fossil taxa. 
Listed with most groups are figure numbers di- 
recting the reader's attention to illustrations of 
one or more fossils or living representatives. An 
examination of these figures and their captions in 
the context of this appendix will provide a com- 
prehensive overview of fossil life. Bear in mind 
that because the fossil record is incomplete, many 
taxa undoubtedly lived longer than the time 
ranges indicated for them here. Also, classifica- 
tions are subjective, and some workers employ 
classifications other than those adopted here. 


KINGDOM MONERA 


Includes all prokaryotes, which are single-celled 
organisms whose DNA is not organized into chro- 
mosomes or housed in a nucleus. Mitochondria 
and chloroplasts are lacking. Some experts divide 
the Monera into two kingdoms: one primitive and 
the other more advanced. 


Phylum “‘Fermenting bacteria” Obtain energy 
by breaking down organic compounds. Cannot 
tolerate oxygen. (Archean - Recent) 


Phylum Thiopneutes (sulfate-reducing bacteria) 
Obtain energy by converting sulfate to hy- 





sulfate. (Cambrian- Recent) Figures 3-37 and 
AI-18 


KINGDOM PLANTAE 


Plants. Multicellular, sexually reproducing eu- 
karyotes with chloroplasts. More complex than 
algae. All plants except some mosses and liver- 
worts have vascular tissue for fluid conduction. 
(Phyla marked with asterisks are gymnosperms, or 
vascular plants with naked seeds.) 


Phylum Bryophyta (mosses and_ liverworts) 
Small plants that lack well-developed fluid- 
conducting tissues and live in moist environ- 
ments. (Late Paleozoic- Recent) 


Phylum Psilophyta Small vascular plants with 
simple stems. Mostly extinct. (Middle Paleo- 
zoic) Figures 11-16 and 11-19 


Phylum Lycopodophyta (lycopods —club mosses 
and their relatives) Spore-bearing plants in 
which the leaves are arranged in a helical pat- 
tern around the stem. All living species are small 
and inconspicuous, but many extinet species, 
including the dominant plants of Carbonifer- 
ous coal swamps, were large trees. (Silurian— 
Recent) Figures 11-17, 11-18, and 12-9; also 
page 298 


Phylum Sphenophyta (sphenopsids — horsetails 
and their relatives) Spore-bearing plants in 
which the stem is divided into nodes that bear 
whorls of branches. Living members are small 
plants, but some Carboniferous species were 
trees. (Devonian- Recent) Figure 12-12 


Phylum Filicinophyta (ferns)  Spore-bearing 
plants with branching leaves that have spore- 
bearing organs on their lower surface. (De- 
vonian- Recent) Figure 13-14; also pages 298 
and 338 


*Phylum Cycadophyta Primitive seed plants, 
most of which have the form of shrubs or trees. 


Class Pteridospermales (seed ferns)  Seed- 
bearing plants with fernlike foliage, some the 
size of bushes or trees. (Middle Paleozoic- 
Jurassic) Figures 6-3, 12-10, and 12-11; also 
page 298 
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animals. (Triassic - Recent) Figure 2-26; also 
pages 338 and 368 


Informal Group Acritarcha Am artificial group of 
hollow, organic-walled fossils that apparently 
represent algae. (Proterozoic- Recent) Figures 
9-10 and 10-9 


Phylum Haptophyta (calcareous nannoplankton) 
Photosynthetic, single-celled floating algae 
whose nearly spherical cells are armored by 
shieldlike plates of calcium carbonate. Impor- 
tant phytoplankton in the tropics, where their 
plates accumulate on quiet seafloors. (Paleo- 
zoic? Triassic- Recent) Figures 2-26, 13-5, 
14-2, and 14-32; also pages 338 and 368 


Phylum Bacillariophyta (diatoms) Photosyn- 
thetic, single-celled algae, protected by pillbox- 
like skeletons composed of silica. Some species 
are planktonic and some are benthic; some are 
marine and others are lake dwellers. Impor- 
tant phytoplankton in lakes and cool seas. 
(Cretaceous - Recent) Figures 2-26 and 16-2; 
also page 368 


Phylum Rhodophyta (red algae) Photosynthetic 
multicellular algae in which the chlorophyll is 
contained in reddish intracellular structures. 
Predominantly marine. Coralline red algae pro- 
duce the massive algal ridge of modern coral 
reefs. (Proterozoic? Paleozoic - Recent) 


Phylum Chlorophyta (green algae) Photosyn- 
thetic single-celled and multicellular algae 
whose chlorophyll gives them a green color. 
Some are calcareous and contribute vast quanti- 
ties of calcium carbonate to the sedimentary 
record. (Proterozoic? Paleozoic- Recent) 


Phylum Foraminiferida (foraminifera) Single- 
celled animal-like marine forms with skeletons 
(tests) through which projections of protoplasm 
extend. Some (superfamily Globigerinacea) are 
planktonic but most are benthic. Some experts 
unite them with the radiolarians and with 
Amoeba and its relatives in the phylum Sarco- 
dina. (Cambrian- Recent) Figures 12-6, 12-7, 
14-1, and 14-9; also page 80 


Phylum Actinopoda (radiolarians and their rela- 
tives) Single-celled animal-like marine forms 
with radially symmetrical skeletons (tests) 
through which projections of protoplasm ex- 
tend. The skeleton consists of silica or strontium 
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holes in their skeletons. (Cambrian) Figure 
10-11 


Phylum Coelenterata or Cnidaria Saclike ani- 
mals having inner and outer body layers with 
jelly-like material in between. Most are carni- 
vores that capture food with stinging cells. 


Class Scyphozoa (jellyfishes) Floating marine 
forms with limited swimming capacity. Most 
capture food with dangling tentacles. (Pre- 
cambrian- Recent) 


Class Anthozoa (corals, sea anemones, and sea 
whips and fans) Benthic forms whose tenta- 
cles extend upward. 


Order Rugosa (rugose corals, or tetracor- 
als) Corals with fourfold symmetry. Most 
species were solitary “cup corals.” (Cam- 
brian- Permian) Figures 10-13, 10-15A, 
Pies ance diet 


Order Tabulata (tabulates) Colonial, often 
reef-building corals with horizontal plat- 
forms (tabulae) in their skeletons. Some 
forms assigned to this group may actually 
have been sponges. (Ordovician - Recent) 
Figures 10-13, 10-16, 11-4, and 11-5 


Order Scleractinia (hexacorals) Solitary or 
colonial corals with septa (vertical parti- 
tions) of the skeleton present in multiples 
of six. Most colonial species have sym- 
biotic dinoflagellates in their tissues 
that play a role in the building of reefs. 
(Triassic - Recent) Figures 3-3 and 5-10; 
also Box 2-1 and page 338 


Phylum Bryozoa or Ectoprocta (moss animals) 
Colonial aquatic animals in which the con- 
nected individuals are tiny structures with ten- 
tacles used to capture food suspended in the 
water. Many Paleozoic types grew upright as 
fanlike or branching stony colonies. Most post- 
Paleozoic types have less heavily calcified skel- 
etons and encrust hard substrata. (Ordovician - 
Recent) Figures 10-13, 10-15C, 12-5, and 
14-10 


Phylum Brachiopoda (lamp shells) Double- 
valved marine animals that capture suspended 
food by means of a loop-shaped structure bear- 
ing tentacles. 


Class Inarticulata Brachiopods that lack teeth. 
Since the Cambrian, they have included fewer 


Class Cycadeoidales (extinct relatives of cycads) 
Cycad-like plants of a primitive type. (Tri- 
assic- Cretaceous) Figure 13-16 


Class Cycadales (modern cycads) Plants with 
column-like trunks and feather-like leaves. 
(Triassic- Recent) Figures 2-17 and 13-16; 
also page 338 


Class Cordaitophyta (cordaites) Trees with tall 
trunks and elongate leaves. (Late Paleozoic) 
Figure 12-13 


*Phylum Ginkgophyta (ginkgos) Deciduous 
trees with small, fan-shaped leaves that have 
regularly branching veins. Only a single species 
survives today. (Early Mesozoic- Recent) Fig- 
ure 13-15 


*Phylum Coniferophyta (conifers — cone-bear- 
ing gymnosperms, including pines, spruces, and 
firs) Shrubs and trees with cones and needle- 
shaped leaves. (Late Paleozoic- Recent) Fig- 
ures 12-14, 13-16, and 13-21 


Phylum Angiospermophyta (flowering plants, in- 
cluding grasses and hardwood trees) Seed 
plants in which the gamete-bearing generation 
is hidden within the flower. (Cretaceous - 
Recent) Figures 2-18, 5-2, 14-15, 14-16, 
IE 15-5 5-31, and 16-3; also Box 15-1 
and pages 338 and 430 


KINGDOM ANIMALIA 


Animals. Multicellular organisms that obtain their 
nutrition by consuming other organisms. 


Phylum Porifera (sponges) Very simple seden- 
tary aquatic animals that strain food from water 
that they pump through pores in their walls. 
Supporting the tissues of most are spinelike spic- 
ules of calcite or silica that can be preserved as 
fossils. Include the Stromatoporoidea, which 
were important reef builders during the Paleo- 
zoic. (Cambrian- Recent) Figures 10-1C, 10- 
16, 12-27, and AI-18 


Phylum Archaeocyatha — Vase-shaped, double- 
walled organisms that attached to hard sub- 
strata to form reeflike structures. They proba- 
bly sieved food from water that passed through 


Phylum Annelida Segmented worms, some of 
which are marine, others freshwater, and still 
others (including earthworms) nonmarine. 
They are responsible for many of the burrows 
visible in marine sediments younger than about 
700 million years. (Late Precambrian - Recent) 
Figures 9-19 and 10-9B 


Phylum Echinodermata Marine animals having 
fivefold radial symmetry (most starfishes have 
five arms); internal skeletons that eonsist of 
plates of calcite; and small, elongate suction 
cups (tube feet) for feeding or locomotion. 
Figure 10-5 


Class Echinoidea (sea urchins) Globe-shaped 
and disc-shaped species with movable spines. 
Most are grazers or deposit feeders. (Ordo- 
vician- Recent) Figures 10-18, 13-1, 13-2, 
and 15-4 


Class Stelleroidea (starfishes) Mostly carnivo- 
rous forms that can pry open bivalves with 
their tube feet. (Ordovician - Recent) Figures 
1-9 and 10-13 


Class Crinoidea (sea lilies) Animals that use 
branching arms to capture food suspended in 
the water. Some attach to the seafloor by a 
stalk, but others are free-living and can swim 
awkwardly. (Cambrian- Recent) Figures 1-8, 
10-13, 10-15B, 10-20, 12-3, and 12-4 


Phylum Onychophora Creatures that resemble 
annelids in having segmented, flexible bodies 
and arthropods in having jaws derived from 
legs. They have unjointed legs and are probably 
evolutionary intermediates between annelids 
and arthropods. Living species are terrestrial, 
but Cambrian fossils occur in marine deposits. 
(Cambrian- Recent) Figure 10-8C 


Phylum Arthropoda Forms with an external 
skeleton and jointed appendages. 


Subphylum Trilobitomorpha (trilobites) Prim- 
itive marine arthropods with a three-lobed 
body (a central lobe and two lateral lobes) and 
hard skeletons. (Cambrian-Permian) Fig- 
ures 7-17, 10-2, 10-3, and 10-12; also pages 
240 and 242 


Subphylum Chelicerata (spiders, scorpions, 
horseshoe crabs, eurypterids, and their rela- 
tives) Arthropods that possess six front seg- 
ments that are united into a head as well as a 
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species than the Articulata. (Cambrian- 
Recent) Figure 10-4 


Class Articulata Brachiopods with hinge teeth; 
that is, teeth that lock their valves together. 
Most attach to the substratum by means of 
a fleshy stalk called a pedicle. (Cambrian — 
Recent) Figures 10-4, 10-13, 10-14, 10-15C, 
10-19, 11-1, and 12-2 


Phylum Mollusca A diverse group of inverte- 
brates, most of which have a foot and a flaplike 
mantle that secretes a shell. 


Class Monoplacophora Primitive crawling 
forms with cap-shaped shells. (Cambrian- 
Recent) Figure 10-1A 


Class Gastropoda (snails) Mostly crawling 
forms with coiled shells and bodies that are 
twisted into a U shape. Some are marine, some 
freshwater, and some terrestrial. (Cambrian- 
Recent) Figures 10-13, 10-17, 11-2, 14-19, 
and ۸1-19: also page 368 


Class Bivalvia (bivalves— clams, mussels, oys- 
ters, scallops, and their relatives) Mollusks 
with two shell halves (valves). Some are in- 
faunal and others epifaunal. Some feed on 
suspended matter and others consume sedi- 
ment, from which they digest organie matter. 
(Cambrian- Recent) Figures 5-19, 10-13, 
11-2, 13-1, 13-24, 14-11, 14-13, 14-14, and 
14-25; also page 368 


Class Cephalopoda (octopuses, squids, nauti- 
loids, and ammonoids) Carnivores that swim 
by jet propulsion. They capture prey with ten- 
tacles and tear it apart with a beak. 


Subclass Nautiloidea Possess a chambered 
shell in whieh the partitions (septa) are at- 
tached to the wall along slightly curved lines. 
Nautilus is the only living genus. (Cambrian— 
hecent) Figures 10-13 and 11-6; also page 
242 


Subclass Ammonoidea Descendants of nau- 
tiloids in which the septa are attached to 
the shell wall along wavy lines. (Devonian- 
Cretaceous) Figures 11-6, 12-1, 13-6, 14-3, 
and 14-4; also page 270 


Subclass Coleoidea (squids, octopuses, and 
their relatives, including the extinct belem- 
noids) Groups in whieh the shell is reduced 
or lacking. (Late Paleozoic- Recent) Figure 
13-7 
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Subclass Actinopterygii (ray-finned fishes) 
Fishes with fins supported by numerous 
slender, raylike bones. 


Infraclass Chondrostei Primitive ray-finned 
fishes with lungs, a primitive jaw, diamond- 
shaped scales, an asymmetrical tail, and a 
partly cartilaginous skeleton. Only a few 
species, including sturgeons, survive today. 

A ll a Figures 11-8 and 11- 
1 


Infraclass Holostei Ray-finned fishes resem- 
bling the Chondrostei, but with the lungs 
transformed into a swim bladder and a 
slightly more advanced jaw. Only a few spe- 
cies, including the garpike and bowfins, sur- 
vive today. (Triassic- Recent) Figure 13-8 


Infraclass Teleostei The advanced group 
that includes most living species of ray- 
finned fishes. The jaws are highly devel- 
oped, the scales are rounded and overlap- 

ping, the tail is symmetrical, and the 

skeleton is entirely bony. (Cretaceous- 

Recent) Figures 2-3, 5-13, 5-20, 14-5, 
14-6, 15-1, and 16-1 


Subclass Sarcopterygii Characterized by 
fleshy fins and the ability to breathe air. 


Order Crossopterygii (lobe-finned fishes) 
Fishes with teeth and fin bones resembling 
those of primitive amphibians, to which 
they were ancestral. There is only one liv- 
ing genus. (Devonian-Recent) Figures 
11-8, 11-15, 11-22, and 11-23 


Order Dipnoi (lungfishes) Freshwater 
fishes with cylindrical bodies. Some can 
survive buried in mud for months. (De- 
vonian- Recent) Figure 11-8 


Class Amphibia The oldest terrestrial verte- 
brates, although they require water for repro- 
duction. 


Subclass Labyrinthodontia Early amphib- 
ians with solid skulls and complex internal 
tooth structure. Some were quite large. 
(Devonian-Triassic) Figures 11-22, 11-23, 
12-17, and 12-20; also pages 270 and 300 


Subclass Salientia (frogs, toads, and their rela- 
tives) Swimming and hopping groups. 
(Early Mesozoic- Recent) Figures 13-19 and 
15-15 


Subclass Caudata (salamanders and their rela- 
tives) Small amphibians that possess a tail. 


pair of jointed pincers. (Cambrian- Recent) 
Figure 11-7; also page 238 


Subphylum Crustacea (crabs, lobsters, ostra- 
cods, and numerous other groups, including 
important members of the zooplankton) A 
varied group of arthropods, mostly aquatic. 
(Cambrian- Recent) Figures 10-7 and 13-4; 
also page 368 


Subphylum Insecta (insects) Includes more 
living species than all other animal taxa com- 
bined. (Devonian - Recent) Figures 1-10, 2-3, 
12-16, 12-20, 13-21, and 15-16; also pages 
270, 298, and 300 


Phylum Hemichordata An inconspicuous group 
in the modern world, but it includes the Paleo- 
zoic graptolites (class Graptolithina). These 
were colonial animals, some of which floated 
and some of which were attached to the sea- 
floor. (Cambrian- Carboniferous) Figure 4-2 


Phylum Chordata Animals with a dorsal nerve 
chord and embryonic features that include gill 
slits in the throat region and a rod of cartilage 
(notochord) that, in some groups, becomes the 
vertebral column. Box 10-1 


Class Conodonta (conodonts) These animals, 
long known only from their teeth, are now 
known from rare fossils of their bodies. They 
were apparently eel-shaped swimmers. (Cam- 
brian- Triassic) Figure 10-6 


Class Agnatha (jawless fishes) Include the liv- 
ing lamprey and extinct Paleozoic ostraco- 
derms. (Cambrian- Recent) Figures 10-10, 
11-8, 11-9, and 11-10 


Class Acanthodii Primitive jawed fishes of 
small size with numerous spiny fins. (Middle 
and late Paleozoic) Figures 11-8 and 11-11 


Class Placodermi Early jawed fishes. Most 
were heavily armored and a few were very 
large. (Middle Paleozoic) Figures 11-8, 11-12, 
and 11-13 


Class Chondrichthyes (sharks and their rela- 
tives) Fishes with skeletons composed of car- 
tilage. (Middle Paleozoic- Recent) Figures 
11-8, 11-13, 12-3, 13-9, 15-3, and 16-1; also 
Box 11-1 


Class Osteichthyes (bony fishes) 


with flattened skulls. (Triassic— Recent) 
Figures 13-13, 13-18, 13-21, and 14-20 


Order Pterosauria (flying reptiles) Winged 
reptiles with long skulls and short bodies. 
(Mesozoic) Figures 13-22 and 14-21; also 
page 338 


(Group uncertain) Dinosauria Although tradi- 
tionally classified as reptiles, dinosaurs may 
have been distinct enough to form a separate 
class, especially if they were endothermic. 


Order Saurischia (lizard-hipped dinosaurs) 
This group included carnivores that trav- 
eled on two legs and often attained gi- 
ant proportions, and even larger herbivo- 
rous sauropods that walked on all fours. 
(Triassic- Cretaceous) Figures 1-7, 13- 
18, 13-20۸, 13-21, 14-19, and 14-21; also 
page 334 


Order Ornithischia (bird-hipped  dino- 
saurs) Herbivorous forms, some of which 
traveled on two legs (for example, duck- 
billed dinosaurs) and others that traveled 
on all fours. (Triassic- Cretaceous) Fig- 
ures 1-7, 13-20B, 13-21, 14-17, 14-18, and 
14-21: also Box 13-1 


Subclass Synapsida (mammal-like reptiles) 
Terrestrial animals with an opening in the 
skull behind the eye and with highly differ- 
entiated teeth. Like the dinosaurs, they may 
deserve a taxonomic position apart from the 
Reptilia, with which they have traditionally 
been classified. 


Order Pelycosauria Early mammal-like 
reptiles, including forms in which the ver- 
tebral spines were elongated to support a 

E fin or sail ofuncertain function. (Late 

Paleozoic) Figures 12-19 and 12-20; also 

page 300 


Order Therapsida Advanced mammal-like 
reptiles, with legs positioned more fully 
beneath the body than the legs of pelyco- 
saurs. The lower jaw was also formed 
largely of a single bone. May have been 
endothermic or partly so. (Permian- early 
Mesozoic) Figures 6-12, 12-21, 14-22, 
and 15-21; also page 300 


Class Aves (birds) Endothermic flying verte- 
brates with feathers. (Jurassic- Recent) 


Subclass Archaeornithes Primitive toothed 
birds, of which only Archaeopteryx is known. 
Closely resembled dinosaurs in skeletal form. 
(Jurassic) Figure 13-23; also page 338 
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Some remain in aquatic habitats as adults. 
(Early Mesozoic- Recent) Figure 5-18 


Class Reptilia (reptiles) Vertebrate animals 
that have scales or armor and reproduce by 
amniote eggs. 


Subclass Anapsida Reptiles whose skull has a 
solid roof. | 


Order Cotylosauria (stem reptiles) The 
earliest reptiles. (Late Paleozoic- Trias- 
sic) Figures 12-18 and 12-20; also page 
300 


Order Chelonia (turtles) Reptiles with few 
or no teeth and a protective shell. (Early 
Mesozoic- Recent) Figures 5-6, 13-21, 
14-6, and 14-8B; also page 338 


Subclass Euryapsida Reptiles with a large 
opening in the skull behind the eye. Mostly 
marine. 


Order Protorosauria Ancestral euryapsids 
that lived on land. (Permian- Mesozoic) 


Order Ichthyosauria (ichthyosaurs) Swim- 
ming reptiles, shaped like dolphins, that 
bore live young. (Triassic- Cretaceous) 
Figure 1-13 


Order Placodontia (placodonts) Large, 
turtle-shaped animals that crushed mol- 
lusks with rounded teeth. (Triassic) Fig- 
ure 13-10 


Order Sauropterygia Swimming reptiles 
with paddle-like limbs and small heads, 
often on long necks. The primitive notho- 
saurs probably lived along the shore like 
seals, ۳ the advanced plesiosaurs were 
fully aquatic. Figures 13-11 and 13-12 


Subclass Diapsida Reptiles with two openings 
in the skull behind the eye. 


Infraclass Lepidosauria Primitive diapsids 
and their descendants, including lizards, 
snakes, and the huge Cretaceous marine 
lizards called mosasaurs. Figures 14-6 and 
14-7; also page 430 


Infraclass Archosauria Advanced diapsids. 


Order Thecodontia A varied group that 
was ancestral to the dinosaurs. Some types 
were able to run on two legs. Others su- 
perficially resembled crocodiles. (Trias- 
sic) Figures 13-17 and 13-18 


Order Crocodilia (crocodiles and alliga- 
tors). Aquatic and terrestrial carnivores 
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Infraclass Pantotheria Forms whose denti- 
tion suggests that they were ancestral to 
marsupial and placental mammals. (Meso- 
Zoic) 


Infraclass Metatheria (marsupials) Mam- 
mals that rear their offspring in a pouch. 
(Cretaceous - Recent) Figures 5-15, 15-1, 
and 16-30 


Infraclass Eutheria (placentals) The dom- 
inant group of modern mammals except 
in Australia, where marsupials prevail. 
(Cretaceous - Recent) See Figure 15-6fora 
summary of the stratigraphic distribution of 
placental mammal orders; other placentals 
are represented in Figures 1-6, 1-12, 2-3, 
2-5, 2-16, 3-2, 5-1, 5-5, 5-9, 5-10, 5-15, 
5-16, 5-17, 5-21, 14-22, 15-2, 15-7, 15-8 
through 15-13, 15-17 through 15-21, 16-4, 
16-9, 16-30, and 16-33 through 16-36; also 
Box 5-1 and pages 400, 404, and 430 


Subclass Neornithes Modern birds. (Late 
Mesozoic- Recent) Figures 5-4, 5-7, 14- 
18A, 14-21, 15-13, and 15-14; also page 430 


Class Mammalia Vertebrates that have hair 
and suckle their young. 


Subclass Eotheria Small, primitive mammals 
that evolved from mammal-like reptiles. 
(Early Mesozoic) Figure 13-17; also page 
338 


Subclass Prototheria Egg-laying mammals, of 
which only the living echidna and platypus 
are known. (Recent) Figure 14-22 


Subclass — Allotheria — (multituberculates) 
Small mammals with complex teeth for grind- 
ing food. (Jurassic - Paleogene) 


Subclass Theria The group that includes 
nearly all modern mammals. 
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Stratigraphic Stages 


miliar stage names in their studies. Figure AIV-1 
lists major Paleozoic and Mesozoic stages that 
were first defined in Europe and shows how a 
number of North American stages are currently 
believedto correlate with them. Figure AIV-2 pre- 
sents the same kind of information for Cenozoic 
stages, showing how European stages are thought 
to relate to American stages that are based on 
biostratigraphic zones for fossil land mamrnals. 

















In many parts ofthe world the geologic record has 
been divided into stages. As discussed in Chapter 
4, stages are time-stratigraphic units. For the most 
part, the stages recognized in Europe have be- 
come the standard stages with which stages de- 
fined elsewhere are correlated. Correlations re- 
main imperfect, however, as do estimates of the 
absolute ages of stage boundaries. This appendix 
is a reference for students who encounter unfa- 
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FIGURE AIV-1 Major Paleozoic and Mesozoic 
stages of Europe and North America. Through 
correlation and absolute dating, efforts are being 
made to extend the European stages to all parts 
of the world. 
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FIGURE AIV-2 Major Cenozoic stages of Europe and netic polarity —a pattern that is also widely employed 
North America. The North American stages, which are for global correlation.) The most recent epoch, not 
currently only crudely correlated with the European listed in this diagram, is known as the Recent or Holo- 
stages, are based largely on fossil occurrences of land cene. This brief epoch began at the end of the Pleisto- 
mammals in the Midwest and West. (Figure 4-17 illus- cene, roughly 10,000 years ago. 


trates the Cenozoic pattern of reversals of Earth's mag- 


that would account for the changing 
orientation, with age, of paleomagne- 
tism in rocks at a particular fixed loca- 
tion. Most geologists believe that it is 
the continents that have moved, not the 
magnetic pole—that polar wander is 
indeed only apparent, not real. 
Aragonite A form of calcium carbon- 
ate that some organisms secrete to form 
skeletons and that is an important min- 
eral in many limestones. 

Aragonite needles Slender crystals of 
the mineral aragonite that constitute 
most carbonate muds in the modern 
ocean. Some of the needles form by di- 
rect precipitation from seawater and 
some by the collapse of the skeletons of 
organisms. 

Arkose A rock consisting primarily of 
sand-sized particles of feldspar. Most 
arkose accumulates close to the source 
area of the feldspar, because feldspar 
weathers quickly to clay and seldom 
travels far. 

Asthenosphere The ultramafic layer 
of Earth lying below the lithosphere. 
The asthenosphere is marked by low 
seismic velocities, suggesting that it is 
partly molten. 

Atmosphere The envelope of gases 
that surrounds Earth. 

Atoll A circular or horseshoe-shaped 
organic reef growing on a submerged 
volcano. 

Autotroph (See Producer) 

Axial plane An imaginery plane that 
cuts through a fold, dividing it as sym- 
metrically as possible. 

Axis of a fold The line of intersection 
between the axial plane of a fold and 


the beds of folded rock. 


B 


Backswamp A broad vegetated area 
that lies adjacent to a meandering river 
and becomes covered with water when 
the river overflows its banks. 
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Adaptation A feature of an organism 
that serves one or more functions useful 
to the organism. 

Adaptive breakthrough An evolu- 
tionary innovation that affords a group 
of organisms a special ecologic oppor- 
tunity and often leads to the adaptive 
radiation of that group. 

Adaptive radiation The rapid origin 
of many new species or higher taxa from 
a single ancestral group. 

Age, geologic The division of geologic 
time smaller than an epoch. 

Albedo The percentage of solar radia- 
tion reflected from Earth’s surface. 
This percentage is higher for ice than 
for land or water, and usually higher for 
land than for water. 

Alluvial fan A low, cone-shaped 
structure that forms where an abrupt 
reduction in slope — for example, the 
transition from a highland area to a 
broad valley — causes a stream to slow 
down. 

Amino acid One of the chemical 
building blocks of a protein. There are 
20 amino acids, each a unique combina- 
tion of carbon, hydrogen, oxygen, and 
nitrogen. 

Amniote egg The type of egg laid by 
reptiles and birds, having a nutritious 
yolk and a hard outer shell to protect 
the embryo from the dry environment. 
The amniote egg is named for the am- 
nion, a sac that contains the embryo. 
Angular unconformity An uncon- 
formity separating horizontal strata, 
above, from older strata that had been 
tilted and eroded. 

Anhydrite The mineral that consists 
of calcium sulfate (CaSO,), or the rock 
composed of this mineral. 

Anomaly, magnetic A local increase 
or decrease in the strength of Earth's 
magnetic field caused by the magnetism 
of nearby sediments or rocks. 
Anticline A fold that is concave in a 
downward direction — that is, the ver- 
tex is the highest point. 

Apparent polar wander A hypotheti- 
cal migration of Earth's magnetic pole 


Terms that are used in these definitions 
and that are also defined inthis glossary 
are in many instances italicized for the 
reader's convenience. For descriptions 
of important minerals and more exten- 
sive discussions of rock types, the 
reader is referred to Appendix I. Simi- 
larly, a more detailed review of rock 
deformation and its terminology can be 
found in Appendix II. Taxonomic 
names of organisms are not included in 
this glossary; Appendix III outlines the 
major biological taxa, with references 
to illustrations in the text. 


۸ 


Abyssal plain The broad expanse of 
seafloor lying between about 3 and 6 
kilometers ( — 2 to 4 miles) below sea 
level. 

Accretionary wedge ۸ body of rocks 
that have accumulated above an oce- 
anic plate undergoing subduction. 
Slices of mélange pile up along thrust 
faults to form the wedge. 

Acheulian culture The tool culture of 
Homo erectus, a species of the human 
family that lived during the Pleistocene 
Epoch. 

Acritarchs An extinct group of appar- 
ently eukaryotic phytoplankton whose 
earliest representatives are in Protero- 
zoic rocks. 

Active lobe (of a delta) The site on a 
delta where functioning distributary 
channels cause the delta to grow sea- 
ward. 

Active margin The border of a con- 
tinent along which subduction occurs, 
producing igneous activity and defor- 
mation. 

Actualism The interpretation of an- 
cient rocks by applying the results of 
analyses of modern-day geologic pro- 
cesses in accordance with the principle 
of uniformitarianism. 


sandstones and that form by dynamic 
metamorphism, which breaks and reori- 
ents grains. 

Catastrophism The outmoded doc- 
trine that sudden, violent, and wide- 
spread events caused by supernatural 
forces formed most of the rocks that are 
visible at Earth’s surface. 
Cementation The lithification of sedi- 
ment by the precipitation of minerals 
from watery solutions percolating 
through the sediment. 

Chemical sediment A sediment cre- 
ated by precipitation of one or more 
minerals from natural waters. 
Chemosynthesis The breakdown of 
simple chemical compounds within a 
cell for the production of energy. Sul- 
fate-reducing bacteria exemplify this 
process. 

Chert (flint) An impure rock, often 
gray, that consists primarily of ex- 
tremely small quartz crystals precipi- 
tated from water solutions. 

Chlorite A green silicate mineral that 
is an important constituent of metamor- 
phic rocks, including those of Archean 
greenstone belts. 

Chloroplast A body within a plant cell 
or plantlike cell that serves as the site of 
photosynthesis within the cell. Chloro- 
plasts are apparently evolutionary de- 
scendants of cyanophytes that became 
trapped in other single-celled orga- 
nisms. 

Chromosome One of several elon- 
gate bodies in whieh DNA is concen- 
trated within the nucleus of a cell. 
Chronostratigraphic unit A formally 
named body of rock, also called a time- 
stratigraphic unit, representing a par- 
ticular interval of time—-an erathem, 
system, series, or stage. 

Circumpolar current The circular 
flow of water around Antarctica, result- 
ing from the juncture of the westwind 
drifts of the Atlantic, Pacifie, and In- 
dian oceans. 

Clast A solid product of erosion. 
Clasts are sometimes referred to as de- 
tritus or dctrital material. 

Clastic rock A rock that is an aggre- 
gate of detrital material, or clasts. 
Clastic wedge A wedge-shaped body 
of molasse. 

Clay A member of the clay mineral 
family, which includes silicates that re- 
semble micas. 

Claystone A sedimentary rock that 
consists primarily of clay but that is not 
fissile like shale. 

Coal Altered organic matter formed 
from stratified plant remains. It con- 


Braided stream A stream that has 
many intertwining channels separated 
by bars of coarse sediment. Braided 
streams develop where sediment is 
supplied to the stream system at a very 
high rate—on an alluvial fan, for ex- 
ample, or in front of a melting glacier. 
Breccia A rock that resembles con- 
glomerate in consisting of clasts of 
gravel surrounded by sand; in breccia 
the clasts are angular, whereas in con- 
glomerate they are rounded. 


C 


Calcareous ooze Fine sediment on 
the seafloor at low latitudes, consisting 
of skeletons of single-celled planktonic 
organisms. 

Calcite A form of calcium carbonate 
that some organisms secrete to form 
skeletons and that is an important min- 
eral in many limestones. 

Calcrete (Sec Caliche) 

Caliche (calerete) Nodular calcium 
carbonate that accumulates in the layer 
of soil below the topsoil in warm cli- 
mates that are dry part of the year. 
Carbonaceous chondrite A stony me- 
teorite that contains carbon com- 
pounds. 

Carbonate mineral A mineral in 
which the basic building block is a car- 
bon atom linked to three oxygen atoms. 
Calcite, aragonite, and dolomite are the 
most abundant carbonate minerals 
found in sediments and sedimentary 
rocks. 

Carbonate platform A marine struc- 
ture that is composed largely of calcium 
carbonate and that stands above the 
neighboring seafloor on at least one of 
its sides. 

Carbonate rock A sedimentary rock 
that consists primarily of carbonate 
minerals. The dominant mineral is 
nearly always either calcite, in which 
case the rock is limestone, or dolomite, 
in which case the rock is dolomite. 
Carbonate sediment Unconsolidated 
sediment that consists primarily of car- 
bonate minerals, usually aragonite or 
calcite. 

Carbonization The mode of fossiliza- 
tion in which liquids and gases escape, 
leaving a residue of carbon on the sur- 
face of an impression of the organism. 
Carnivore An animal that feeds on 
other animals or animal-like organisms. 
Cataclastic rock Metamorphic rocks 
that resemble breccias or poorly sorted 
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Banded iron formation Alternating 
layers of iron-rich and iron-poor rocks. 
Most rocks of this type are older than 
about 2 billion years. 

Barrier island An elongate island 
composed of sand heaped up by ocean 
waves that lies approximately parallel 
to the shoreline. 

Barrier island-lagoon complex The 
set of marginal marine environments 
that consists of a barrier island, the la- 
goon behind it, and (usually) tidal flats, 
marshes, and sandy beaches. 

Barrier reef An elongate organic reef 
that parallels a coastline and is large 
enough to dissipate ocean waves, leav- 
ing a quiet-water lagoon on its land- 
ward side. 

Basalt A fine-grained, extrusive, mafic 
igneous rock; the dominant rock of oce- 
anic crust. 

Basin, structural A roughly circular 
depression of stratified rocks. 

Bed A distinct sedimentary layer 
(stratum) thicker than 1 centimeter. 
Bedding The arrangement of a sedi- 
mentary rock into discrete layers 
(strata) thicker than 1 centimeter 
(beds). 

Beddingsurface The surface between 
two sedimentary beds. 
Benthic (or benthonic) 
Benthos) 

Benthos The bottom-dwelling life of 
an ocean or freshwater environment. 
Big bang The enormous explosion 
that created the expanding universe. 
Biogenic sediment Sediment consist- 
ing of mineral grains that were once 
parts of organisms. 

Biogeography The study of the distri- 
bution of organisms on a geographic 
scale. 

Biostratigraphic unit A body of rock, 
such as a zone, defined on the basis of its 
fossil content and having approxi- 
mately time-parallel upper and lower 
boundaries. 

Biota Acollective term for all the ani- 
mals and plants of an ecosystem. 
Bolide A meteorite or comet that ex- 
plodes upon striking Earth. 

Boulder A piece of gravel larger than 
256 millimeters ) ~ 10 inches). 
Boundary stratotype A stratigraphic 
section where the boundary between 
two chronostratigraphic units is for- 
mally recognized. 

Brackish water Water whose salinity 
is lower than that of normal seawater 
and higher than that of fresh water, 
ranging from 30 to 0.5 parts salt per 
1000 parts water. 


life (See 
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of Late Carboniferous (Pennsylvanian) 
age. 


D 


Declination, magnetic The angle that 
a compass needle makes with the line 
running to the geographic North Pole, 
reflecting the fact that the magnetic 
pole (to which the compass needle 
points) does not coincide with the geo- 
graphic pole. 

Deep-focus earthquake An earth- 
quake produced by movements along 
or within a subducted slab of litho- 
sphere more than 300 kilometers 
( — 190 miles) below Earth's surface. 
Deep seafloor The continental slope 
and abyssal plain. 

Degassing The loss of gases by Earth 
early in its history, when it became li- 
quefied. 

Delta A depositional body of sand, 
silt, and clay formed when a river dis- 
charges into a body of standing water so 
that its current dissipates and drops its 
load of sediment. This structure takes its 
name from the Greek letter A, which it 
resembles in shape. 

Delta, river-dominated A delta that 
projects far out into the ocean because 
its construction from river-borne sedi- 
ment prevails over the destructive 
forces of the sea. 

Delta front The submarine slope, or 
forest, of a delta extending downward 
from the delta plain. The delta front is 
usually the site of accumulation of silt 
and clay. 

Delta plain The upper surface of a 
delta, characterized by distributary 
channels and their natural levees and in- 
tervening swamps. 

Desert A terrestrial environment that 
receives less than about 25 centimeters 
(10 inches) of rain per year and conse- 
quently supports only a few kinds of 
plants. 

Detritus, sedimentary Loose mate- 
rial produced by erosion. 

Diagenesis The set of processes, in- 
cluding solution, that alter sediments at 
low temperatures after burial. 

Dike A sheetlike or tabular body of 
igneous rock that cuts through sedimen- 
tary layers or crystalline rocks. 

Dip The angle that a tilted bed or 
fault forms with the horizontal. 
Disconformity An unconformity above 
rocks that underwent erosion before 
the beds above the unconformity were 


within Earth's mantle as a result of con- 
vection. 

Convergence, evolutionary The evo- 
lution of similar features in two or more 
different biological groups, or taxa. 
Cope's rule The tendency for body 
size to increase during the evolution of 
a group of animals. 

Core (of Earth) The central part of 
Earth below a depth of 2900 kilo- 
meters. It is thought to be composed 
largely of iron and to be molten on 
the outside with a solid central 
region. 

Coring The process of inserting a 
tube into sediments or rocks and then 
extracting the tube along with a core, or 
plug, of material for study. 

Coriolis effect The tendency of a 
current of air or water flowing over 
Earth's surface to bend to the right in 
the Northern Hemisphere and to the 
left in the Southern Hemisphere. 
Correlation The use of fossils to es- 
tablish that spatially separated strati- 
graphic sections are the same geologic 
age. 

Craton The portion of a continent 
that has not experienced tectonic defor- 
mation since Precambrian or early Pa- 
leozoic time. 

Cross-bedding Cross-stratification in 
which the individual strata exceed 1 
centimeter in thickness. 

Crosscutting relationships, principle 
of The principle that when one fault is 
offset by another, the second is younger 
than the first. 

Cross-lamination Cross-stratification 
in which the individual strata are thin- 
ner than 1 centimeter. 
Cross-stratification A sedimentary 
structure in which groups of strata lie at 
angles to the horizontal. 

Crust The outermost layer of the lith- 
osphere, consisting of felsic and mafic 
rocks less dense than the rocks of the 
mantle below. 
Crystalline rocks 
morphic rocks. 
Cyanobacteria Photosynthetic pro- 
karyotes that originated in Archean 
time and that form stromatolites. 
Cycle, sedimentary A composite sed- 
imentary unit that is repeated many 
times in succession within a given re- 
gion. The unit includes two or more 
characteristic beds or groups of beds 
arranged in a characteristic vertical se- 
quence that often reflects Walther’s 
law. 

Cyclothem Sedimentary cycles that 
include coal beds. Most cyclothems are 


Igneous or meta- 


tains more than 50 percent carbon and 
burns readily. 

Coal measure The British term for a 
cyclothem. 

Cobble A piece of gravel measuring 
between 8 and 256 millimeters ) ~ 10 
inches). 

Community, ecologic Populations of 
several species living in the same habi- 
tat. 

Compaction (of sediment) The pro- 
cess in which grains of sediment are 
squeezed together beneath the weight 
of overlying sediment. 

Competition, ecologic The condition 
in which two species vie for an environ- 
mental resource, such as food or space, 
that is in limited supply. 

Components, principle of The princi- 
ple that a body of rock is younger than 
any other body of rock from which any 
of its components are derived. 
Concretion A hard, nodular structure 
formed in sediment or in a sedimentary 
rock by diagenesis. 

Conglomerate A rock consisting of 
rounded clasts of gravel surrounded by 


sand, 
Consumer, ecologic  (heterotroph) 
Animals or animal-like organisms, 


which feed on other organisms. 
Contact metamorphism Local meta- 
morphism caused by igneous intrusion 
that “bakes” nearby rocks. 
Continental accretion The marginal 
growth of a continent along a subduc- 
tion zone by mountain building or by 
addition of a microplate. 

Continental drift The movement of 
continents with respect to one another 
over Earth’s surface. 

Continental rise A more gently slop- 
ing region along the base of the con- 
tinental slope. The continental rise 
is formed of sediment transported 
down the slope, often by turbidity 
currents. 

Continental shelf An extension of a 
continental landmass beneath the sea, 
also called a continental margin. 
Continental slope The sloping sub- 
marine portion of a continent, extend- 
ing from the continental margin to the 
continental rise or the abyssal plain. 
Convection Rotational flow of a fluid 
resulting from imbalances in density. 
Convection often occurs because the 
fluid below is heated and becomes less 
dense than the fluid above or because 
the fluid above is cooled and becomes 
more dense than the fluid below. 
Convective cell One of a number of 
rotational units believed to operate 


rock that has been erupted onto Earth’s 
surface. 


Facies The set of characteristics of a 
rock that represents a particular local 
environment. 

Fault A surface along which rocks 
have broken and moved past one an- 
other. 

Fauna A collective term for all the 
animals of an ecosystem. 

Felsic rock A silicon-rich igneous 
rock that contains only a small percent- 
age of iron and magnesium. Granite is 
the most abundant example. Felsic 
rocks dominante the crust of conti- 
nents. 

Fissile Having the property of fissil- 
ity, or tending to break along bedding 
surfaces. This is a property of some sed- 
imentary rocks, especially shales. 
Fission-track dating The dating of a 
rock according to the number of fission 
tracks produced by the decay of ura- 
nium 238. In the process of decaying, 
uranium 238 atoms eject subatomic 
particles that leave microscopic tracks 
in the surrounding rock. 

Fissure A crack in a body of rock, 
often filled with minerals or intrusive 
igneous rock. 

Flint (See chert) 

Flood basalt Extrusive rocks or mafic 
composition that have flowed widely 
over Earth’s surface. 

Flora A collective term for all the 
plants of an ecosystem. 

Flysch Shales and turbidites that ac- 
cumulate in deep water within a fore- 
land basin bordering an active moun- 
tain system. 

Focus, earthquake The point within 
Earth at which a rupture occurs, caus- 
ing an earthquake. 

Fold-and-thrust belt The tectonic 
zone of amountain chain characterized 
by folds and thrust faults and positioned 
adjacent to the metamorphic belt and 
farther away than the metamorphic 
belt from the igneous core of the moun- 
tain chain. 

Folding Tectonic bending of rocks 
into anticlines and synclines or other 
contorted configurations. 

Foliation The alignment of platy min- 
erals in metamorphic rocks, caused by 
the high pressure applied during meta- 
morphism. 


Eon The largest formal unit of geo- 
logic time. There are three eons: the 
Archean, Proterozoic, and Phanero- 
zoic. 

Epicontinental sea A shallow sea 
formed when ocean waters flood an 
area of a continent far from the conti- 
nental margin. 

Epoeh, geologic A division of geo- 
logic time shorter than a period. 
Equatorial countercurrent The east- 
ward-flowing global ocean current that 
carries the water that has been piled up 
by the equatorial current. 

Equatorial current The global ocean 
current pushed westward along the 
equator by the trade winds. 

Era, geologic A division of geologic 
time shorter than an eon but including 
two or more periods. 

Erathem A time-stratigraphic unit 
consisting of all the rocks that represent 
a geologic era. 

Erosion The group of processes that 
loosen rock and move pieces of loos- 
ened rock downhill. 

Erratic boulder A boulder that a gla- 
cier has transported from its place of 
origin to a distant location. 

Eukaryote (sometimes spelled 
euearyote) An organism that consists 
of one or more eukaryotic cells. All or- 
ganisms except bacteria and cyano- 
phytes are of this type. 

Eukaryotic cell (sometimes spelled 
eucaryotic) A cell characterized by a 
nucleus with chromosomes, mitochon- 
dria, and other complex internal struc- 
tures. This is the kind of cell that forms 
higher organisms (all organisms but 
bacteria and cyanophytes). 

Eustatic sea-level change A change in 
the level of all oceans throughout the 
world. 

Evaporite A mineral or rock formed 
by precipitation of crystals from evap- 
orating water. 

Evergreen coniferous forest A high- 
latitude forest, often adjacent to tundra 
and always dominated by coniferous 
trees such as spruces, pines, or firs. 
Exotic terrane A block of lithosphere 
that has been sutured to a much larger 
continent. 

Exposure (See Outcrop) 

Exterior drainage A drainage pattern 
in which lakes and rivers carry runoff 
from a region beyond the borders of 
that region. 

Extinction The total disappearance 
of a species or higher taxon. 

Extrusive igneous rock An igneous 
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deposited. The strata above and below 
a disconformity are horizontal. 
Distributary channels Channels on a 
delta plain that radiate out from the 
mainland, carrying river water to the 
ocean in several directions. 

Diversity, biotic The variety of orga- 
nisms living in an ecosystem. 

DNA Deoxyribonucleic acid, the 
“double helix" molecule that carries 
chemically coded genetic information 
and is passed from generation to gener- 
ation. 

Dollo'slaw The rule that any substan- 
tial evolutionary change is virtually ir- 
reversible because genetic changes are 
not likely to be reversed in an order 
exactly opposite to the order in which 
they originally developed. 

Dolomite A mineral that consists of 
calcium magnesium carbonate, with 
calcium and magnesium present in 
nearly equal proportions, or the sedi- 
mentary rock that consists largely of this 
mineral. 

Dome, structural 
of stratified rocks. 
Dropstone A stone dropped to the 
bottom of a lake or ocean from a melt- 
ing body of ice afloat on the surface. 
Dynamic metamorphism Metamor- 
phism that entails the shattering of 
rocks and the deformation or reorienta- 
tion of their grains. 


A blister-like uplift 


E 


Easterlies Winds that form near 
Earth's poles where cold, dense air de- 
scends and flows toward the west under 
the influence of the Coriolis effect. 
Ecology the branch of biology con- 
cerned with the factors that govern the 
distribution and abundance of orga- 
nisms in natural environments. 
Ecosystem The organisms of an eco- 
logic community together with the 
physical environment that they oc- 
cupy. 

Ectothermic "'Cold-blooded": char- 
acterized by the physiological condi- 
tion in which an animal's body temper- 
ature is controlled by the external 
environment. 

Endothermic “Warm-blooded”’: char- 
acterized by the physiological condi- 
tion in which an animal’s body temper- 
ature is controlled internally and 
maintained at a more or less constant 
level. 
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Guyot A flat-topped volcanic sea- 
mount in the deep sea. It appears that 
guyots form in shallow water when 
wave action truncates the upper part of 
a volcano and that they are transported 
to deeper water by lateral plate move- 
ment. 

Gypsum A mineral that consists of 
calcium sulfate with water molecules 
attached (CaSO, ۰ H20), or the rock 
that consists primarily of this mineral. 
Gyre A large-scale circular flow of 
winds or ocean currents. 


H 


Habitat An environment that sup- 
ports life. 

Half-life The time-required for a par- 
ticular radioactive isotope to decay to 
half its original amount. This time is 
consistent for any isotope, regardless of 
the amount of the isotope present at the 
outset. 

Halite The mineral that consists of so- 
dium chloride (NaCl), popularly known 
as rock salt, or the rock that consists pri- 
marily of this mineral. 

Herbivore An animal that feeds on 
plants or plantlike organisms. 
Heterotroph (see Consumer) 
Homogeneous accretion A possible 
mode of origin of Earth in which mate- 
rials of many different densities would 
have aggregated haphazardly, without 
becoming layered according to density. 
Homology The presence, in two dif- 
ferent animal or plant groups, of organs 
that have the same ancestral origin but 
serve different functions. 

Hornfels A fine-grained, granular 
metamorphic rock of varying composi- 
tion formed by contact metamorphism 
under conditions of high temperature 
and low pressure. 

Hot spot A small area of heating and 
igneous activity in Earth’s crust wherea 
thermal plume rises from the mantle. 
The Hawaiian Islands represent a hot 
spot. 

Humus Organic matter in soils, 
formed largely by the decay of leaves, 
woody tissues, and other plant materi- 
als. 

Hydrological cycle, global The con- 
tinuous passage of water from the at- 
mosphere to the land and to bodies of 
water and then back again to the atmo- 
sphere. 


Glacial minimum The point of an ice 
cap's farthest retreat. 

Glacier A large mass of ice that creeps 
over Earth’s surface. 

Gneiss A coarse-grained metamor- 
phic rock resembling an igneous rock 
but with its component minerals segre- 
gated into wavy layers. 

Graben A fault-block basin produced 
by the depression of a block of crust 
bounded by normal faults. 

Grade, metamorphic A classification 
system based on the level of tempera- 
ture and pressure responsible for meta- 
morphism. Metamorphic rocks are di- 
vided into high-grade, medium-grade, 
and low-grade categories. 

Graded bed A bed in which grain size 
decreases from bottom to top. 
Gradualistic model The theory that 
most evolutionary change takes place 
in small steps within well-established 
species. 

Granite A coarse-grained felsic 
igneous rock consisting of feldspar and 
quartz with minor mafic components. 
The most common intrusive rock of 
continental crust. 

Granule A piece of gravel of small 
size (between 2 and 4 millimeters). 
Granulite A high-grade metamorphic 
rock that nearly became molten during 
metamorphism and, as a result, resem- 
bles an igneous rock in being granular 
and lacking foliation. 

Grassland (See Savannah) 

Gravel Sediment larger than sand 
(larger than 2 millimeters). 
Graywacke A siliciclastic rock that is 
poorly sorted but consists primarily of 
sand-sized grains. Some of the grains 
are dark, giving the rock its characteris- 
tic dark-gray color. 

Greenhouse effect The warming of 
Earth’s surface and of its lower atmo- 
sphere caused by the accumulation of 
carbon dioxide in the atmosphere, 
which acts in the same manner as the 
glass in a greenhouse, allowing solar ra- 
diation to pass to Earth’s surface and 
then preventing much of the resulting 
heat from escaping from the lower at- 
mosphere. 

Greenstone belts Podlike bodies of 
rock characteristic of Archean terranes. 
They consist of volcanic rocks and asso- 
ciated sediments that have commonly 
been metamorphosed so that they have 
a greenish color. 

Group A lithostratigraphic unit of a 
rank higher than formation. 

Guide fossil (See Index fossil) 


Food chain The sequence of nutri- 
tional steps in an ecosystem, with pro- 
ducers at the bottom and consumers at 
the top. 

Foodweb  Thenutritional structure of 
an ecosystem in which more than one 
species occupies each level. Thus there 
are usually several producer species 
and several consumer species in a food 
web. 

Forearc basin An elongate deposi- 
tional basin that lies between an 
igneous arc and the associated accre- 
tionary wedge. 

Foreland basin An elongate basin 
lying in front of an active mountain sys- 
tem and receiving sediment (primarily 
flysch and molasse) from the moun- 
tains. 

Formation The fundamental litho- 
stratigraphic unit. A body of rock char- 
acterized by a particular set of litho- 
logic features and given a formal name. 
Fossil The remains or tangible traces 
of an ancient organism preserved in 
sediment or rock. 

Fossil fuel Condensed and altered or- 
ganic matter than can be burned to sup- 
ply energy for human use. Examples 
are coal, petroleum, and natural gas. 
Fossil succession The vertical order- 
ing of fossil taxa in the geologic record, 
reflecting the operation of evolution 
and extinction. 

Fossilization The formation of a fos- 
sil. 

Fringing reef An elongate organic 
reef that fringes a coastline and has no 
lagoon on its landward side. 


G 


Gabbro A mafic igneous rock; the 
coarse-grained, intrusive equivalent of 
basalt. 

Gamete A sex cell (egg or sperm) that 
carries half the normal complement of 
chromosomes and combines with an- 
other sex cell to produce a new individ- 
ual possessing the normal complement. 
Gene A unit of inheritance consisting 
of a segment of DNA that performs a 
particular function. Many genes pro- 
vide coded information for the synthe- 
sis of particular polypeptides. 

Gcne pool The sum total of the ge- 
netic components of a population. 
Glacial maximum The point of an ice 
cap’s maximum advance. 


Lithology The physical and chemical 
characteristics of a rock. 

Lithosphere Earth's outer rigid shell, 
situated above the asthenosphere and 
consisting of the crust and upper man- 
tle. The lithosphere is divided into 
plates. 

Lithostratigraphic unit A body of 
characteristic lithology that is formally 
recognized as a formation, member, 
group, or supergroup. 

Loess The wind-blown silt that accu- 
mulates in the frigid desert in front of a 
glacier. It is deposited by the melt- 
waters of the glacier. 

Longshore current An ocean cur- 
rent that flows along a coast, often 
sweeping sand in a direction parallel to 
the coastline. 


M 


Maficrock A dense, dark igneous rock 
that is relatively poor in silicon and rich 
in iron and magnesium. Basali, the 
characteristic igneous rock of oceanic 
crust, is an example. 

Magma Naturally occurring molten 
rock. 

Magnetic field, Earth’s The field of 
magnetism that results from motions of 
Earth’s iron-rich outer core; these mo- 
tions cause Earth to behave like a giant 
bar magnet, with a north and south 
pole. 

Magnetic reversal A reversal of the 
polarity of Earth’s magnetic field, as 
recorded in rocks magnetized by the 
field. 

Mantle The zone of Earth’s interior 
between the core and the crust, ranging 
from depths of approximately 40 to 
2900 kilometers. It is composed of 
dense ultramafic silicates and divided 
into concentric layers. 

Marble A homogeneous, granular 
metamorphic rock that consists of cal- 
cite, dolomite, or a mixture of the two 
and forms by the metamorphism of 
limestone or dolomite. 

Maria (singular, mare) The large 
craters on the surface of the moon. 
Marker bed (see Key bed) 

Marsh, intertidal A habitat along the 
seashore that is dominated by low- 
growing plants and is alternately 
flooded by the tide and exposed to the 
air. The remains of the plants usually 
accumulate to form peat. 

Mass extinction An episode of large- 


Isostatic adjustment The mechanism 
whereby areas of Earth’s crust rise or 
subside to keep the crust in gravita- 
tional equilibrium as it floats on the 
mantle. Thus, a mountain is balanced 
by a root of crustal material. 

Isotope One of two or more varieties 
of an element that differ in number of 
neutrons within the atomic nucleus. 


Joint A fracture in rock that results 
from various kinds of stress. 


K 


Key bed (marker bed) A sedimentary 
bed, such as a bed of volcanic ash, that is 
of nearly the same age everywhere and 
thus is useful for correlation. 


Lagoon A ponded body of water 
along a marine coastline, usually land- 
ward of a barrier island or organic reef. 
Lamination A distinct sedimentary 
layer (stratum) thinner than 1 centime- 
ter. 

Late Neolithic The tool culture of 
early modern humans, the Cro-Magnon 
people of Europe. 

Laterite A soil rich in oxides of alumi- 
num and of iron, which give it a rusty 
red color. 

Lava Molten rock (magma) that has 
reached the surface of Earth. 

Life habit The mode oflife of an orga- 
nism, or the way it functions within its 
niche—how it obtains nutrients or 
food, reproduces, and stations itself or 
moves about within its environment. 
Limestone A sedimentary rock that 
consists primarily of calcium carbon- 
ate. Limestones may be biogenic or 
chemical in origin. 

Limiting factor, ecologie An environ- 
mental condition, such as temperature, 
that restricts the distribution of a spe- 
cies in nature. 

Lithification The consolidation of 
loose sediment by compaction, precipi- 
tation of mineral cement, or a combina- 
tion of these processes to form a sedi- 
mentary rock. 
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Hypersaline water Water that is 
higher in salinity than normal seawater 
(contains more than 40 parts salt per 
1000 parts water). 

Hypsometric curve A graph that dis- 
plays the proportions of Earth’s surface 
that lie at various altitudes above and 
various depths below sea level. 


Igneous rock A rock formed by the 
cooling of molten material. 
Impression The mode of fossilization 
in which the flattened imprint of an or- 
ganism forms on a bedding surface. 
Index fossil (guide fossil) A species or 
genus of fossils that provides for espe- 
cially precise correlation. An ideal 
index fossil is easily distinguished from 
other taxa, is geographieally wide- 
spread, is common in many kinds of 
sedimentary rocks, and is restricted to a 
narrow stratigraphic interval. 
Inhomogeneous aecretion A possible 
mode of origin of Earth in which mate- 
rials would have condensed in a se- 
quence determined by their density, 
causing concentric layers to form with 
the most dense materials at the center. 
Interior drainage A drainage pattern 
in which lakes and rivers fail to carry 
runoff from a region beyond the 
borders of the drainage area. The rain- 
fall is so light that streams and rivers are 
temporary, drying up at intervals. 
Intertidal zone The belt that is alter- 
nately exposed and flooded as the tide 
ebbs and flows along a coast. 

Intrusion A body of igneous rock that 
formed within Earth rather than at its 
surface. 

Intrusive igneous rock A rock formed 
by the cooling of magma within Earth. 
Intrusive relationships, principle 
of The principle that an intrusive 
igneous rock is always younger than the 
rock that it invades. 

Iron formation Complex sedimentary 
or weakly metamorphosed rock that 
usually consists of oxides, sulfides, or 
carbonates of iron, often in association 
with chert. 

Iron meteorite A meteorite in which 
iron is the primary component. 

Island arc A curved chain of islands 
produced by volcanism at a site where 
magma rises through the lithosphere 
from a subducted plate. 
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Normal fault A fault whose dip is 
steeper than 45° and along which the 
rocks above have moved downward in 
relation to the rocks below. 


0 


Oceanic realm The portion of the 
ocean that lies above the deep seafloor. 
Oil shale A well-laminated shale in 
which dark, organic-rich layers alter- 
nate with thicker, lighter-colored 
layers. Petroleum can be removed from 
such rock, but not at a cost that is eco- 
nomically profitable at present. 

Ooze, deep-sea Fine-grained sedi- 
ment in the deep sea that consists of 
calcareous or siliceous skeletons of 
dead planktonic organisms. 

Ophiolite A segment of seafloor that 
is elevated so as to rest on continental 
crust. An ophiolite usually includes tur- 
bidites, black shales, cherts, and pillow 
basalts along with ultramafic rocks 
from the ۰ 

Opportunistic species A species that 
specializes in the rapid invasion of 
newly vacated habitats, where there is 
little competition from other species. 
Original horizontally, ^ principle 
of The principle enunciated in the 
seventeenth century that all strata are 
horizontal when they form. (A more ac- 
curate statement would be that almost 
all strata are initially more nearly hori- 
zontal than vertical.) 

Original lateral continuity, principle 
of The principle that similar strata 
found on opposite sides of a valley or 
some other erosional feature were orig- 
inally connected. 

Orogenesis The process of mountain 
building 
Orogeny An episode of mountain 
building. 

Outcrop A portion of a body of rock 
that is visible at Earth's surface. (Some 
geologists restrict this term to rocks 
laid bare by natural processes and apply 
the term exposure to artificially ex- 
posed areas of rock.) 

Outwash, glacial Well-stratified gla- 
cial sediment deposited by a stream of 
meltwater issuing from a melting gla- 
cier. 

Overturned fold A fold in which at 
least one limb has been rotated more 
than 90* from its original position. 
Oxygen cycle, global The continuous 
flow of oxygen through the atmosphere. 


Molasse Nonmarine and shallow ma- 
rine sediments—representing such 
environments as alluvial fans, river sys- 
tems, and barrier island-lagoon 
complexes —that accumulate in front 
of a mountain system after heavy sedi- 
mentation from the mountains has 
driven deep marine waters from the 
foreland basin there. 

Mold A fossil that consists of a three- 
dimensional imprint of an organism or 
part of an organism. 

Moraine, glacial A ridge of till 
plowed up in front of a glacier. 
Mousterian culture The tool culture 
of Neanderthal, a late Pleistocene 
human or humanoid creature. 

Mud An aggregate consisting of silt- 
or clay-sized sediment or a combination 
of the two. 

Mutation A chemical change in a ge- 
netic feature. Such changes provide 
much of the variability on which natu- 
ral selection operates. 


N 


Natural levee A gentle ridge border- 
ing a meandering river or a distributary 
channel of a delta and composed of sand 
and silt deposited by the river or distrib- 
utary channel when it overflows its 
banks. 

Natural selection The process recog- 
nized by Charles Darwin as the primary 
mechanism of evolution. The selection 
process, which operates on heritable 
variability, results from differences 
among individuals in longevity and in 
rate of production of offspring. 
Nebula The dense cloud of matter 
that remains after a supernova ex- 
plodes. 

Nekton Fishes and other marine ani- 
mals that move through the water pri- 
marily by swimming. 

Niche, ecologic The ecologic position 
of a species in its environment, includ- 
ing its requirements for certain kinds of 
food and physical and chemical condi- 
tions and its interactions with other 
species. 

Nodule An irregular rounded mass of 
chert or some other mineral embedded 
in a sedimentary rock. Most nodules are 
formed by diagenetic processes where 
they are found. 

Nonconformity An unconformity sep- 
arating bedded rocks, above, from crys- 
talline rocks, below. 


scale extinction in which large numbers 
of species disappear in a few million 
years or less. 

Meandering river A river that winds 
back and forth like a ribbon, depositing 
sediment on the inside of each curve 
and eroding sediment on the outside. 
Mediterranean climate A climate 
characterized by dry summers and wet 
winters, often found along coasts lying 
about 40° from the equator. Much of 
California and much of the Mediterra- 
nean region of Europe have this kind of 
climate. 

Mélange A chaotic, deformed mix- 
ture of rocks, such as often forms where 
subduction occurs along a deep-sea 
trench. 

Meltwaters The waters that issue 
from the front of a melting glacier. 
Member A lithostratigraphic unit of a 
rank lower than formation. 
Metamorphic belt The metamorphic 
zone parallel to the long axis of a moun- 
tain chain and near the igneous core of 
the mountain chain. This is a zone of 
regional metamorphism. 

Metamorphic rock ۸ rock formed by 
metamorphism. 

Metamorphism The alteration of 
rocks within Earth under conditions of 
high temperature and pressure. 
Meteorite An extraterrestrial object 
that crashed into Earth after being cap- 
tured by Earth’s gravitational field. 
Microplate A small lithospheric 
plate, usually of predominantly felsic 
composition. 

Mid-ocean ridge The ridge on the 
ocean floor where oceanic crust forms 
and from which it moves laterally in 
each direction. 

Mineral A naturally occurring inor- 
ganic solid element or compound witha 
particular chemical composition or 
range of compositions and a character- 
istic internal structure. 

Mitochondrion (plural, mitochon- 
dria) A body within a eukaryotic cell 
in which complex compounds are bro- 
ken down by oxidation to yield energy 
and, as a by-product, carbon dioxide. 
The mitochondrion is apparently an 
evolutionary descendant of a small bac- 
terium that became trapped within a 


larger one. 
Moho (See Mohorovičić discontinu- 
ity) 


Mohorovičić discontinuity (Moho) 
The boundary between the crust and 
mantle, marked by a rapid increase in 
the velocity of seismic waves. 


Precession of the equinoxes A slight 
wobble in Earth’s axis of rotation 
caused by the gravitational pull of the 
sun and moon. 

Predation The eating of an animal by 
one of another species. 

Prodelta The gently seaward-sloping 
bottom-set area of a delta front where 
clay accumulates in deep water. 
Producer, ecologic A plant or plant- 
like organism that manufactures its own 
food. 

Prograde To grow seaward by the ac- 
cumulation of sediment or sedimentary 
rocks. Deltas often prograde, as do or- 
ganic reefs. Progradation produces re- 
gression, or seaward migration, of the 
shoreline. 

Prokaryote (sometimes spelled pro- 
caryote) An organism that consists of 
a prokaryotic cell: a member of the 
kingdom Monera, which includes bac- 
teria and cyanophytes. 

Prokaryotic (sometimes spelled pro- 
caryotic) cell A primitive cell in 
which there are no chromosomes and no 
nuclei, mitochondria, or certain other 
internal structures characteristic of the 
cells of higher organisms. 


Protein (See Polypeptide) 


Protozoan A single-celled animal-like 
eukaryote. 

Pseudoextinction The disappearance 
of a species, not by dying out but by 
evolving to the point at which it is rec- 
ognized as a different species. 
Psychrosphere The deepest zone of 
the modcrn ocean, wherc waters are 
nearly freezing. Convection causes the 
cold waters in polar regions to descend 
to the deep sea and form the psychro- 
sphere. 

Punctuation model The theory that 
most evolutionary change occurs rap- 
idly, through speciation. 


Q 


Quartzite A metamorphic rock formed 
by the metamorphism of quartz sand- 
stone and consisting of almost pure 
quartz. 


R 


Radioactive decay The spontaneous 
breakdown of certain kinds of atomic 
nuclei into one or more nuclei of differ- 
ent elements, with a release of energy 
and subatomic particles. 


Permineralization The mode of fossi- 
lization in which porous spaces within 
part of an organism (such as bony or 
woody tissue) become filled with min- 
eral material. 

Photic zone The upper layer of the 
ocean, where enough light penetrates 
the water to permit photosynthesis. 
Photosynthesis The process in which 
plants and single-celled plantlike orga- 
nisms employ the compound chloro- 
phyll to convert carbon dioxide and 
water from their environment into en- 
ergy-rich sugar, which fuels cssential 
chemical reactions. 

Photosynthetic bacteria Bacteria that 
employ photosynthesis, but with hydro- 
gen sulfide taking the placc of water in 
the production of sugar. Such bacteria 
are poisoned by oxygen and probably 
flourished in Archean time when the 
atmosphere lacked free oxygen. 
Phylogeny A segment of the “tree of 
life" that includes two or more evolu- 
tionary branches. 

Phytoplankton Plankton, or floating 
aquatic life, that is photosynthetic. 
Most phytoplankton species are single- 
cellcd algae. 

Pillow basalt Basalt with ahummocky 
surface formed by rapid cooling of lava 
beneath water. 

Pinnacle reef (See Patch reef) 
Plankton Organisms that float in the 
ocean or in lake waters. 

Plate A segment of the lithosphere 
that moves independently over Earth’s 
interior. 

Plate tectonics The study of the 
movements and interactions of litho- 
spheric plates. 

Playa lake A temporary lake in a re- 
gion of interior drainage. When such a 
lake dries out, evaporite deposits form. 
Plunging fold A fold whose axis 
plunges (lies at an angle to the horizon- 
tal) so that the beds of the fold have a 
curved outcrop pattern if they are trun- 
cated by erosion. 

Pluton An intrusion, or massive body 
of intrusive igneous rock. 

Point bar An accretionary body of 
sand on the inside of a bend of a mean- 
dering river. 

Polypeptide An organic molecule 
containing a large number of amino 
acids. A protein is a large polypeptide. 
Population A group of individuals 
that live in the same area and inter- 
breed. 

Precambrian shield The  Precam- 
brian portion of a craton exposed at 
Earth's surface. 
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It is supplied to the atmosphere by the 
breakdown of H,O in the upper atmo- 
sphere and by photosynthesis and is re- 
moved from the atmosphere by organic 
respiration and by the oxidation of 
various materials. 

Oxygen sink A reservoir consisting of 
a chemical element or compound that 
combines readily with oxygen and thus 
removes it from the atmosphere. Dur- 
ing the early part of Precambrian time, 
sulfur, iron, and other elements and 
compounds served as important oxygen 
sinks, preventing oxygen from accumu- 
lating in the atmosphere. 


P 


Paleogeography The geography of 
the geologic past. 

Paleomagnetism The magnetism of a 
rock, developed from Earth’s magnetic 
field when the rock formed. 

Parasite An organism that derives its 
nutrition from other organisms without 
killing them. 

Partial melting A process in which 
heating causes a mass of rock to be- 
come partially molten. Partial melting 
occurs because the various minerals 
that form a rock melt at different tem- 
peratures. 

Particulate inheritance The pres- 
ence of hereditary factors called genes 
that retain their identity while being 
passed on from parent to offspring. 
Passive margin A continental margin 
that is not affected by rifting, subduc- 
tion, transform faulting, or other large- 
scale tectonic processes, but that in- 
stead forms a shelf that accumulates 
sediments. 

Patch reef (pinnacle reef) A small 
mound or reef growing in the lagoon 
behind a barrier reef. 

Peat Sediment composed primarily of 
plant debris that has not metamor- 
phosed to form coal. 

Pebble A piece of gravel measuring 
between 4 and 8 millimeters. 

Pelagic life Oceanic life that exists 
above the seafloor. 

Pelagic sediment Fine-grained sedi- 
ment that settles through the oceanic 
water column to the deep sea. Some of 
this sediment is biogenic. 

Period, geologic The most commonly 
used unit of geologic time, represent- 
ing a subdivision of an era. 
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Series A time-stratigraphic unit con- 
sisting of all the rocks that represent a 
geologic epoch. 

Sexual recombination The mixing of 
chromosomes from generation to gen- 
eration, which continually creates new 
genetic combinations and hence new 
kinds of individuals upon which natural 
selection can operate. 

Shale A fissile sedimentary rock con- 
sisting primarily of clay. 

Shelf break The edge of a continental 
shelf, where it meets the continental 
slope. 

Shield volcano A low cone-shaped 
volcano of the type that often forms in 
oceanic areas, where lavas tend to be 
mafic and hence of low viscosity, so that 
they spread rapidly when they erupt. 
Silicates The mineral group that in- 
cludes the most abundant minerals in 
Earth’s crust and mantle. The basic 
building block of silicates is a tetrahe- 
dral structure consisting of four oxygen 
atoms surrounding a silicon atom. 
Siliciclastic sediment Detrital sedi- 
ment consisting of silicate minerals. 
This is the most abundant kind of sedi- 
ment of Earth. 

Sill A sheetlike or tabular body of in- 
trusive igneous rock injected between 
layers of sediment. 

Silt Sediment in which articles range 
in size from gi; to 3 millimeter. 
Siltstone A siliciclastic sedimentary 
rock consisting primarily of silt. 

Slate A fine-grained metamorphic 
rock that is fissile, like the sedimentary 
rock shale, but whose fissility results 
from alignment of platy materials by 
deformational pressures rather than by 
depositional orientation of particles. 
Soil Loose sediment that accumulates 
in contact with the atmosphere. 

Solar nebula theory The theory that 
the solar system formed from a cloud of 
cosmic dust. 

Speciation The origin of a new spe- 
cies from two or more individuals of a 
preexisting species. 

Species A group of individuals that in- 
terbreed or have the potential to inter- 
breed in nature and that do not breed 
with other interbreeding groups. 
Spore A reproductive structure, not 
produced from gametes, that is released 
from a plant and has the potential to 
grow into a new plant. 

Stabilization, orogenic Consolidation 
of the sedimentary rocks of an orogenic 
belt along the margin of a continent by 
metamorphism, folding, and thrust 
faulting. 


rocks have moved uphill in relation to 
rocks below. 

Rhyolite A fine-grained, felsic extru- 
sive igneous rock equivalent in mineral- 
ogical composition to granite. 

Rift A juncture between two plates 
where lithosphere forms and the plates 
diverge. 

Ripples Small dunelike structures 
formed on the surface of sediment by 
moving water or wind. 

Rock An aggregate of interlocking or 
attached grains, each of which is typi- 
cally composed of a single mineral. 


Rock-stratigraphic unit (See Litho- 
stratigraphic unit) 

S 

Salinity The saltiness of natural 


water. The salinity of normal seawater 
is 35 parts salt per 1000 parts water. 
Sand Sediment ranging in size from 
1۸6 to 2 millimeters 

Sand dune A hill of sand that has been 
piled up by the wind. The sand within a 
dune is characterized by trough-bed- 
ding. 

Sandstone A siliciclastic sedimentary 
rock consisting primarily of sand — 
usually sand that is predominantly 
quartz. 

Savannah A broad grassland, which 
typically forms where there is enough 
rainfall to sustain grass but not enough 
to sustain the trees that form woodlands 
or forests. 

Scavenger An organism that feeds on 
other organisms after they are dead. 
Schist A metamorphic rock that con- 
sists mainly of platy minerals such as 
micas that lie nearly parallel to one an- 
other so that the rock tends to break 
along parallel surfaces. 

Sediment Material deposited on 
Earth’s surface by water, ice, or air. 
Sedimentary rock A rock formed by 
the consolidation of loose sediment or 
by precipitation from a watery solution. 
Sedimentary structure A distinctive 
bedding pattern in a sedimentary rock. 
Seed A reproductive structure of a 
plant — produced by the union of ga- 
metes and then released from the plant 
—that has the potential to grow into a 
new plant. The seed is actually a juve- 
nile stage of the spore-bearing genera- 
tion of the plant. 

Scismic wave An oscillatory move- 
ment of Earth, caused naturally or by 
artificial means such as the setting off of 
an explosion. 


Radiocarbon dating Radiometric dat- 
ing by means of carbon 14, a radioac- 
tive isotope with a half-life so short that 
its decay can be used to date materials 
younger than about 70,000 years. 
Radiometric dating Measurement of 
the amount of naturally occurring ra- 
dioactive isotopes in rocks in relation to 
their daughter isotopes (products of ra- 
dioactive decay) to ascertain the ages of 
the rocks. 

Rain forest, tropical A jungle that de- 
velops in an equatorial region where 
heavy, regular rainfall results from the 
cooling of air that has ascended after 
being warmed and picking up moisture 
near Earth's surface. 

Rain shadow A region that is on the 
downwind side of a mountain and re- 
ceives little rain because the winds rise 
as they pass over the mountain, cooling 
and dropping most of their moisture 
before they reach the other side. 
Recumbent fold A fold that rests on 
one of its limbs, with the axial plane 
nearly horizontal. 

Red beds Sediments of any grain size 
that are reddish, usually because of the 
presence of iron oxide cement. 
Redshift An increase in the wave- 
lengths of light waves traveling through 
space. 

Reef, organic A solid but porous lime- 
stone structure standing above the 
surrounding seafloor and constructed 
by living organisms, some of which con- 
tribute skeletal material to the reef 
framework. 

Reef flat The flat upper surface of a 
reef, usually standing close to sea level 
(often in the intertidal zone). 

Regional metamorphism The cre- 
ation of metamorphic rocks over areas 
whose dimensions are measured in 
hundreds of kilometers. Usually this 
happens in association with mountain 
building. 

Regional strike In deformed terrain, 
the prevailing orientation of fold axes 
or of the lines of outcrop of tilted beds. 
Regression A seaward migration of a 
marine shoreline and of nearby envi- 
ronments. 

Relict distribution The localized oc- 
currence of a taxonomic group after it 
has died out throughout most of the 
geographic area that it previously oc- 
cupied. 

Remobilization Regional metamor- 
phism and deformation that affect a 
segment of crust previously altered by 
similar processes. 

Reverse fault A fault above which 


typically grows under slightly warmer 
climatic conditions than evergreen co- 
niferous forests. 

Terrane A geologically distinctive re- 
gion of Earth’s crust that has behaved as 
a coherent crustal block. 

Thermal plume A column of magma 
rising from the mantle through the lith- 
osphere. 

Thrust fault A low-angle reverse 
fault, During many mountain-building 
episodes, large slices of rock (thrust 
sheets) move hundreds of kilometers 
over rigid unrelated rocks. 

Thrust sheet A large, tabular segment 
of the crust that moves along a thrust 
fault during mountain building. 

Tidal flat A surface where mud or 
sand accumulates in the intertidal zone. 
Tide A major movement of the ocean 
that results primarily from the gravita- 
tional attraction of the moon. Tides ebb 
and flow in particular regions as Earth 
rotates beneath a bulge of water cre- 
ated by the pull of the moon. 

Till, glacial Heterogeneous sediment 
plowed up and deposited by a glacier. 
Tillite Lithified till. 

Tilt cycle The interval of 41,000 
years during which the angle of Earth’s 
axis of rotation with respect to its orbit 
around the sun oscillates and returns to 
its original position. 
Time-stratigraphic unit (See Chrono- 
stratigraphic unit) 

Top carnivore A carnivorous animal 
positioned at the top of a food chain or 
food web. 

Topsoil The upper zone of many soils, 
consisting primarily of sand and clay 
mixed with humus. 

Trace fossil A track, trail, or burrow 
left in the geologic record by a moving 
animal. 

Trade winds Winds that in each 
hemisphere blow diagonally westward 
toward the equator between about 20 
and 30° latitude of the equator. They 
result from a zone of high pressure that 
forms where air that has risen near the 
equator builds up. 
Transform fault A strike-slip fault 
along which two segments of litho- 
sphere move in relation to each other. 
Many transform faults offset midocean 
ridges. 

Transgression A landward migration 
of a marine shoreline and of nearby en- 
vironments. 

Transpiration The emission of water 
by plants into the atmosphere, primar- 
ily through the leaves. 

Trench, deep-sea A deep, elongate 


Supergroup A litho-stratigraphic unit 
of a rank higher than group. 
Supernova An exploding star that 
casts off matter of low density. 
Superposition, principle of The prin- 
ciple that in an undisturbed sequence 
of strata, the oldest strata lie at the bot- 
tom and progressively younger strata 
are successively higher. 

Supratidal zone The belt along a 
coast just landward of the intertidal 
zone and flooded only occasionally, 
during storms or unusually high tides. 
Surf zone The zone along a sandy 
beach where waves break. 

Suture The juncture between two 
continents that have been united along 
a subduction zone. 

Suturing The unification of two con- 
tinents along a subduction zone. 
Syncline A fold that is concave in an 
upward direction — that is, the vertex 
is the lowest point. 

System A time-stratigraphic unit con- 
sisting of all the rocks representing a 
geologic period. 


T 


Tabulate-strome reef A reef formed 
by tabulate corals and stromatoporoid 
sponges during Ordovician, Silurian, or 
Devonian time. 

Talus, reef The pile of rubble sloping 
seaward from the living surface of a 
reef. 

Taxon (plural, taxa) (taxonomic group) 
A formally named group of related or- 
ganisms of any rank, such as phylum, 
class, family, or species. 

Taxonomic groups (See Taxon) 
Taxonomy The study of the composi- 
tion and relationships of taxa of orga- 
nisms. 

Tectonic cycle The characteristic 
cycle of deposition associated with an 
episode of mountain building. Shallow- 
water deposition along a continental 
shelf gives way to deep-water flysch 
deposition when a foreland basin 
forms, and this, in turn, gives way to 
nonmarine molasse deposition when 
heavy sedimentation drives deep ma- 
rine waters from the foreland basin. 
Tectonics The segment of structural 
geology concerned with largescale fea- 
tures such as mountains. 

Temperate forest A forest dominated 
by deciduous trees (trees that lose their 
leaves in winter). This kind of forest 
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Stage The time-stratigraphic unit 
ranking below a series and consisting of 
all the rocks that represent a geologic 
age. 

Stony meteorite A meteorite of rocky 
composition. 

Stony-iron meteorite A meteorite that 
consists of a mixture of metallic mate- 
rial (chiefly iron) and stony material. 
Stratification The arrangement of 
sedimentary rocks in discrete layers (or 
strata). 

Stratigraphic section A local outcrop 
or series of adjacent outcrops that dis- 
plays the rocks’ vertical sequence. 
Stratum (plural, strata) A distinct 
sedimentary layer. 

Strike The compass direction that lies 
at right angles to the dip of a tilted bed 
or fault (that is, the compass direction 
of a horizontal line lying in the plane of 
a tilted bed or fault). 

Strike-slip fault A high-angle fault 
along which the rocks on one side move 
horizontally in relation to rocks on the 
other side with a shearing motion. 
Stromatolite An organically pro- 
duced sedimentary structure that con- 
sists of alternating layers of organic- 
rich and organic-poor sediment. The 
organic-rich layers have usually been 
formed by sticky threadlike algae, 
which have trapped the sediment of the 
organic-poor layers. 

Subduction Descent of a slab of litho- 
sphere into the asthenosphere along a 
deep-sea trench. 

Subduction zone The region where 
subduction of the lithosphere occurs. 
Substratum The surface — sediment, 
rock, or another organism — on which 
or within which a benthic aquatic orga- 
nism lives. 

Subtidal The belt positioned seaward 
of the intertidal zone. 

Sulfate mineral A mineral in which 
the basic building block is a sulfur atom 
linked to four oxygen atoms. Most sul- 
fate minerals are highly soluble in 
water and form by the evaporation of 
natural waters. 

Sulfate-reducing bacteria Ferment- 
ing bacteria that obtain energy by con- 
verting sulfate compounds into sulfide 
compounds. These bacteria, which 
cannot tolerate oxygen, are common in 
the muds of swamps, ponds, and la- 
goons. Bacteria of this type seem to 
have flourished in Archean time, when 
the atmosphere held little oxygen. 
Sulfides Minerals that are combina- 
tions of metals and sulfur. Many are 
valuable ores. 
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Volcanic igneous rock (See Extrusive 
igneous rock) 


W 


Walther's law The principle that 
when depositional environments mi- 
grate laterally, sediments of one envi- 
ronment come to lie on top of sedi- 
ments of an adjacent environment. 
Wave, surface A wave on the surface 
of the ocean produced by the circular 
movement of water particles under the 
influence of the wind. 

Weathering The various aspects of 
erosion that take place before trans- 
port. Some weathering is physical and 
some is chemical. 

West-wind dirft The eastward-flow- 
ing ocean current near the North or 
South Pole that is created by the major 
ocean gyres and the reinforcing west- 
erly winds. 

Westerlies Winds that flow toward 
the northeast in each hemisphere be- 
tween about 30 and 60° from the equa- 
tor. These winds result from the same 
high-pressure zone that produces the 
trade winds, which flow in the opposite 
direction. 


Z 


Zone, biostratigraphic A body of 
rocks characterized by the presence of 
one or more index, or guide, fossils. The 
upper and lower boundaries of a zone 
are approximately the same ages every- 
where. 

Zooplankton Plankton, or floating 
aquatic life, that is animal-like in mode 
of nutrition (feeds on other organisms). 


Unconformity A surface between a 
group of sedimentary strata and the 
rocks beneath them, representing an 
interval of time during which erosion 
occurred rather than deposition. 
Ungulate A hoofed herbivorous 
mammal. Odd-toed ungulates include 
horses and rhinoceroses. Even-toed un- 
gulates include cattle, antelopes, 
sheep, deer, and pigs. 
Uniformitarianism The principle that 
there are inviolable laws of nature that 
have not changed in the course of time. 
Upwelling Ascent of cold water from 
the deep sea to the photic zone, usually 
providing nutrients for rich growth of 
phytoplankton. Upwelling is most com- 
mon where ocean currents drag surface 
waters away from continental margins. 


۷ 


Varves Alternating layers of coarse 
and fine sediments that accumulated in 
a lake in front ofa glacier. A coarse layer 
forms each summer, when streams of 
meltwater carry sand and silt to the 
lake. A fine layer forms each winter, 
when the surface of the lake is covered 
by ice, so that only clay and organic 
matter settle to the bottom. 

Vascular plant A plant that has ves- 
sels in its stem for transporting water, 
nutrients, and food. 

Vent An opening in Earth’s crust 
through which lava emerges at the sur- 
face. 

Vestigial organ An organ that serves 
no apparent function but was func- 
tional in ancestors of the organism that 
now possesses it. 


trough along which a plate in the litho- 
sphere is subducted. 

Triple junction A point where three 
lithospheric plates meet. 

Tropical climate A climate in which 
the average annual temperature is in 
the range of 18 to 20°C (64 to 68°F) or 
higher. Most tropical climates lie 
within about 30° of the equator. 
Trough cross-stratification Cross-strat- 
ification of sediments in which one set 
of beds is truncated by erosion in such a 
way that the next set of beds laid down 
accumulates on a curved surface. 

Tuff A rock deposited as a sediment 
but consisting of volcanic particles. 
Tundra A terrestrial environment 
where air temperatures rise above 
freezing during the summer but a layer 
of soil beneath the surface remains fro- 
zen. Tundras are characterized by low- 
growing plants that require little mois- 
ture. 

Turbidite ۸ graded bed, often with 
poorly sorted sand at the base and mud 
at the top, formed when a turbidity 
current slows down and spreads out. 
Turbidity current A flow of dense, 
sediment-charged water that moves 
down a slope under the influence of 
gravity. 

Type section A formally designated 
local stratigraphic section where a lith- 
ostratigraphic unit such as a formation 
was originally defined. 


U 


Ultramafic rock A very dense rock 
that is even poorer in silicon and richer 
in iron and magnesium than a mafic 
rock. Ultramafic rocks characterize 
Earth's mantle. 
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anhydrite, 487 
animals (Animalia), 505 —509. See also 
fossils; mammals; species; verte- 
brates; and specific families, gen- 
era, species, and. other topics 
diversification of, 226, 254—255 
dry land invasion by, 284 — 286 
early Paleogene, 408-413 
evolution of multicellular, 223 — 226 
extinctions of. See extinction 
late Paleozoic, 309-311, 313-315 
Mesozoic, 347 -355 
Plio-Pleistocene, 469 — 470 
South American, 105—106, 457- 
458 
Triassic, 353, 356 
annelids (Annelida), 226, 506 
in Burgess Shale, 247 
anomalies, magnetic, 141—142 
Antarctica, 36 
cooling in, 418—419 
Gondwana sequence and, 134-135 
isolation, 442 


aardvark, 123 
Absaroka Range, 423 
abyssal plain, 41 
Acadian orogeny, 176 - 179 
Acadian suturing, in Old Red Sand- 
stone continent, 292 —293 
acanthodians (Acanthodii), 276-277, 
507 
accretionary wedge, 154, 159-160 
Acheulian culture, 467 
acid rain, 117 
impact of bolide and, 390 
acritarchs (Acritarcha), 220—221, 504 
Cambrian, 247 
early Mesozoic, 341 
late Paleozoic, 301 
middle Paleozoic, 271 
Ordovician, 247 
Actinopoda (radiolarians), 75, 330, 
504 
Actinopterygii, 507 
active margins, 154 
actualism, 2-3 
adaptations, 103-104 
adaptive breakthroughs, 113 
adaptive radiation, 112—116 
Cambrian, 249 
insect, Carboniferous, 310 
of jawed fishes, Devonian, 277 
local, 115 
of Ordovician marine invertebrates, 
253-255 
Neogene, 431, 434 
Silurian, 270—271 
of trilobites, 249 
adenosine triphosphate (ATP), 206 
Afar Triangle, 150—153 
Africa. See also South Africa 
apes in, 461—462 
Neogene, changes in, 459—461 
rift valleys of, 133, 152 
Agassiz, Louis, 108 
Agnatha, 507 
age, stratigraphic, 98 
albedo, 31— 32, 263 
algae, 43, 504 
multicellular Proterozoic, 223 
Alleghenian orogeny, 176, 178-181 
alligators, 508 
Allotheria, 509 
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black muds, Cretaceous, 383, 385 
Blue Ridge Province, 168-170 
body size, increases in, 119-120 
bolide, 389-392 
bony fishes, 507 
Boreal realm, 357, 386 
bottom dwellers 
Cambrian, 244-247 
modern, 252 
boulders, 484 
boundary stratotypes, 99 
Bovidae, 434 
bowfin fishes, 123 
brachiopods (Brachiopoda), 505 - 506 
Cambrian, 244—245 
early Mesozoic, 340 
middle Paleozoic, 271-272 
modern, 376 
Ordovician, 250—251 
Paleozoic, 302 —303 
brackish water, 48 
braided-river deposits, 284 
braided-stream deposits, 57, 59 
braided streams, 57 
brain growth, rate of ape and human, 
465 — 466 
brain size 
Australopithecus, 462 
Homo, 464 — 466 
Homo erectus, 467 
Neanderthal, 468 
Brazil, Gondwana sequence and, 134 
breakage of minerals, 477 
breccia, 214, 486 
cataclastic, 490 
breeding 
selective, 110, 281— 282 
true, 110 
Bryophyta, 504 
bryozoans (Bryozoa), 505 
Cretaceous, 374 
lacy, Carboniferous, 303-305 
middle Paleozoic, 271 
Ordovician, 250 - 253 
Bulawayan Group of Rhodesia, 203 
Bullard, Sir Edward, 131 
Burgess Shale, fauna of, 246—247, 
264-266 
burial, Neanderthal, 469 


calcareous nannoplankton, 43 
chalk seas of Europe and, 398 — 399 
Cretaceous, 370—371, 392-393 
early Mesozoic, 341 
extinction of, 417 
Paleogene, 406 

calcareous ooze, 74-75 

calcite, 479 

calcium carbonate, 489-0 
in seafloor sediment, 74-75 

calcrete, 52 


Badlands of South Dakota, 426 
Bahama Banks, 70-71 
Bahamas, 457 
Baltica, 174-175, 178-179 
converging of Laurentia and, 264 
drifting of, 234—235 
northward movement of, 261-262 
banded iron formations, 199, 218 
barrier island-lagoon complex, 65 
barrier islands, 42, 64—65 
barrier reefs, 68 
barriers, biogeography and, 29 
basalt, 481 
Columbia Plateau, 451 
pillow, 142 
Basin and Range Province, 449, 451, 
453, 499 
Miocene, 451 
plate tectonics and, 454-455 
basins, 495 — 497 
arid, 56 
coal, 323-324 
foreland, 154, 160-161 
Cordilleran, 394 
Western North America, 364 
Wopmay, 215 
Middle Silurian, 290-291 
Beagle, voyage of, 105 
bear family, 434 
Bear Province, 213 
Becquerel, Antoine Henri, 84 
bedding, 5 
bedding surfaces, time-parallel, 93 
beds, 486 
belemnoids, 506 
early Mesozoic, 341-342 
Belt Supergroup, 235-236 
benthic or benthonic life, 45 
benthos, 45 
Beringia, 438 — 439 
Bering land bridge, 418 — 419 
human migration via, 470 
Bering Strait, 438 — 439 
beta particle, 84 
big bang, 189 
biogenic sediments, 483 
biogeography, 29 
biostratigraphic zones, 98 — 99 
biota, 27 
bird-hipped dinosaurs, 349, 508 
birds, 508—509 
flying, Eocene, 411 - 2 
passerine, Neogene, 4 
bivalves (Bivalvia), 506. See also mol- 
lusks 
burrowing and surface-dwelling 
Cretaceous, 375-376 
early Mesozoic, 339 ` 
iridium anomaly and, 391 
Ordovician, 252-253 
Black Hills of South Dakota, 232— 
233, 423 


arthropods (Arthropoda), 226, 506 - 
507 
of Burgess Shale, 246 - 7 
early Mesozoic, 340 
Articulata, 506 
artificial selection, 110 
artwork, Cro-Magnon, 468 
Ascension Island, 139, 150 
asteroids, 190, 196-7 
asthenosphere, 14, 159 
asthenosphere-lithosphere boundary, 
143 
Atlantic Coastal Plain, fossils of, 377 
Atlantic fault basins, Mesozoic, 358- 
360 
Atlantic Ocean 
glaciers’ effect on, 443 
western, in Neogene Period, 454- 
458 
Atlantic Ocean basin, 181 
atmosphere 
chemical composition of, 29-31 
gases in, 192 
as reservoir of free oxygen, 217 
temperatures and circulation in, 
31-33, 35 
atolls, 69 
atoms 
dating of rocks and, 84-85 
parent and daughter, 88 
ATP (adenosine triphosphate), 206 
Australia 
Gondwanaland and, 135 
marsupial mammals of, 118-119 
Proterozoic position of, 216 
separation from Antarctica, 418 
Australian plates, convergence of Eur- 
asian plates and, 164-165, 167 
Australopithecines, 462-464 
Australopithecus afarensis, 462-463 
Australopithecus africanus, 462 — 463 
autotrophs, 206 
Avalon terrane, 179 
Aves, 508 - 509 
axial plane of fold, 494 
axis of fold, 494 
axolotl, evolution of, 120, 122 


Bacillariophyta (diatoms), 504 
backswamps, 60-61 
bacteria 
anaerobic, 217, 503 
in Archean rocks, 204—205 
cyano-, 71, 207-208, 503 
chloroplasts and, 222 
fossils of, 204—205 
fermenters, 206 - 207 
in ocean, 45 
photosynthetic, 208 
stromatolite-like structures, 204 
sulfate-reducing, 207 


in North America and Europe, 
393—325 
coal measures, 324 
coal-swamp floras, Carboniferous, 
318-320 
coal swamps 
Carboniferous Period, 305, 312 
cycles in, 324 
Coastal Plain Province, 397 
cobbles, 484 
coelacanths, 279 
Coelenterata, 226, 505 
Coleoidea, 506 
Colorado Plateau, 422-423, 448, 
451-452, 454 
Colorado River, 454 
Columbia Plateau, 449, 451-452 
basalt flows, 451 
Columbia River Basalt, 454 
Columbia River plateau, 449 
comets, 196—197, 389—392 
communities, ecologic, 27-29 
compaction, 4, 486 
competition among species, 26—27 
components, principle of, 16 
Compositae, 433 
concretion, 12 
conglomerates, 486 
Archean, 199 —200 
conifers (Coniferophyta), 308, 505 
Mesozoic, 345-347 
Connecticut rift, 153 
conodonts (Conodonta), 330, 507 
Cambrian, 245-246 
early Mesozoic, 341 
Ordovician, 250 
consumers, 27 
contact metamorphism, 491 
continental accretion, 227 - 228 
greenstone belts and, 200 
North America formation and, 
228—236 
continental collision, Late Carbonifer- 
ous, 318 
continental crust, 480—481 
origins of, 194—195, 198 
continental drift, 129 — 138 
du Toit and, 133-135 
early evidence for, 130—132 
Gondwana sequence and, 
134-135 
paleomagnetism and, 136 - 141 
rejection of, 135-136 
Wegener and, 132 - 136 
continental glaciation, Pleistocene, 
436-439 
continental rifting, 150-151, 228 
in northern Canada, 215 
continental rise, 42, 73 
continental shelf, 41 — 42 
eastern North America, 396 - 398 
turbidity currents and, 73 


Chelicerata, 506 - 507 
Chelonia, 508 
chemical and biogenic sedimentary 
rocks, 487-490 
chemical sediments, 483 
chemosyntheses, 207 
chert, 10, 154, 488 
Chesapeake Bay, 455 
Chesapeake Group, 455-457 
Chinle Formation, 360 
chlorite, 491 
chlorophyll, 30 
Chlorophyta (green algae), 504 
chloroplast, 222 
Chondrichthyes, 507 
Chondrostei, 507 
chordates (Chordata), 254-255, 507 
chromosomal mutations, 111—112 
chromosomes, 111 
chronostratigraphic units, 98 - 99 
ciliates, 222 
circumpolar current, 39, 418 
clams, 506 
Clark, William, 233 
class, taxonomic, 7 
clast, 483 
clastic rocks, 483 
North American continental shelf 
and, 397—398 
clastic wedge, Catskill, 294 
clays, 74-75, 479, 483— 484 
definition of, 484 
in seafloor sediment, 74-75 
claystone, 485 
cleavage planes, 477 
CLIMAP, 441 - 443 
climate. See also climatic change 
fossil plants as indicators of, 38.- 39 
middle Paleozoic, 286 — 287 
Permian Period, 319-321 
soil and, 52 
tropical, 35 
vegetation and, 35-38 
climatic change, 2, 320. See also tem- 
perature 
Cretaeeous, 383, 392 
cycles, glaciation and, 445 
Eocene-Oligocene mass extinction 
and, 415-418 
global, Eocene, 418 
late Neogene, 436 — 447 
Permian, 322 
terrestrial floras and, 433-434 
volcanic eruptions and, 146-147 
clouds, 32 
Cloverly Formation, 365 
Clovis and Folsom projectile points, 
470 
club mosses, 504 
Cnidaria, 505 
coal, 12 
coal deposits, 300-301, 305, 311 
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Caledonian orogeny, 178 
caliche, 52, 57 
California 
Franciscan sequence in, 154 
major geological features of, 451 
Pliocene and Pleistocene time, 452 
California Coast, 454 
California Coast ranges, 450-451 
Cambrian Period, 17-8 
continents in, 258-259 
marine life of, 244—249 
paleogeography, 258-261 
pattern of deposition in, 259 
trilobite extinction in, 259 
Cambrian System, 18-19 
Canada, western, 394 
Canadian Rockies, 421 — 422 
Canadian Shield, 186 
continental accretion in, 228 - 230 
Cannonball Formation, 426 
Cape Cod, 437 
Capitan Limestone, 331 
carbonate mounds, 304 —305 
carbonate muds, 489 
carbonate platforms, 69-72 
of Laurentia, 264 
carbonate rocks, 489 
carbonates, 479 
carbonate sands, 489 
carbonate sediments, 489 
Carbon 14 dating, 87 
carbon dioxide, 30-31 
Carboniferous System, 269, 300-301 
carbonization, 11 
Caribbean Sea, birth of, 457 
Carnian Age, 358 
carnivores, 27, 247 - 248 
Cascade Island Arc, 451 
Cascade Range, 449, 451-453 
cat family, 411 
catastrophism, 3, 18 
Catskill clastic wedge, 294 
Catskill delta, 177, 294 
Catskill Formation (Pennsylvania), 
61 
Caudata, 507-508 
cave paintings, 468 
cells, 7 
cementation, 4-5, 487, 490 
Cenozoic Era, 17, 401-470. See also 
Paleogene Period; Neogene Pe- 
riod 
Cenozoic time scale, 405 
central Ohio basin, 290 
Cephalopoda, 506 
Cambrian, 248 
chalk, 19-20, 398 
Cretaceous, 370 
Chalk Seas of Europe, 398-399 
Changxingian Stage, 321 
cheilostomes, 374 
Cheirolepis, 278 
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delta-plain beds, 62 
deltas, 61-64 
active lobe, 63 
Mississippi, 62-63, 66 
tidal, 65 
density of minerals, 476 
deoxyribonucleic acid (DNA), 111 
depositional environments in Pongola 
Supergroup, 202 
deposits. See specific types of deposits 
deserts, 35-36 
detrital, 483 
detritus, 483 
"devil's corkscrews,"" 53 
Devonian Period. See also Paleozoic 
Era, middle 
biogeographic provinces of, 287 
eastern North America in, 290— 
295 
glacial interval, 289-290 
life of, 971—272 
mass extinction in, 270—271, 287, 
289 
Devonian System, 269 
diagenesis, 5, 486-488 
Diapsida, 508 
diatomaceous sediment, 75 
diatoms, 43, 504 
Cretaceous, 369 
freshwater, Neogene, 431, 433 
diatrymas, 411 
Dicroidium flora, 320 —321 
diet, Australopithecines vs. early 
Homo, 464 —465 
dikes, 481 
Archean, 200 
Dimetrodon, 314-315 
dinoflagellates (Dinoflagellata), 43, 
220, 503—504 
early Mesozoic, 341 
dinosaurs (Dinosauria), 7, 347-355, 
508 
Cretaceous, 378 - 382 
duck-billed, 378 -379 
ornithischian and saurichian, 349 
dip, 494 
Dipnoi, 507 
disconformity, 18 
dissolution, 5 
distributary channels, 62 
diversity, 28, 38 
DNA (deoxyribonucleic acid), 111 
self-replication and, 206 
dog, 411 
Dollo, Louis, 124 
Dollo's law, 124 
dolomite, 479, 489 
dome, 495-497 
dragonflies 
Carboniferous, 310 
dropstones, 55 
Dunkleosteus, 277, 295 


crocodiles (Crocodilia), 508 
Cretaceous, 379 
early Mesozoic, 345 
Late Triassic, 348 
Cro-Magnon people, 468 
crosscutting relationships, principle 
of, 16 
Crossopterygii, 507 
cross-stratification, 486 — 487 
crust, 14 
Crustacea, 507 
crystal lattice, 475 — 477 
crystalline rocks, 6 
currents, 39 
Cuvier, Georges, 112 
cyanobacteria (cyanophytes), 71, 
207-208, 503 
chloroplasts and, 222 
fossils of, 204 —205 
cycads (Cycadophyta), 38-39, 340, 
504-505 
Mesozoic, 345-347 
cyclothems, formation of, 324-325 


Darwin, Charles, 69, 104-110, 122, 
431, 438 
anatomical evidence and, 108 
Andes and, 162 
natural selection and, 110 
On the Origin of Species by Natural 
Selection, 104 
voyage to South America, 104-108 
dating of rocks, 16, 18, 81-99 
fossil vs. radiometric, 87 — 89 
index fossils and, 81—82 
radioactivity and absolute ages, 84— 
89 
time-parallel surfaces in rocks and, 
89-97 
zones and, 82-84 
daughter isotope, 84 
Death Valley (U.S.), 57 
declination, 136 
deep seafloor, 42 
deep-sea trenches 
chains of volcanic islands along, 
145-147 
subduction at, 144-147 
deer family, 434 
deformation 
mountain building and, 159—160 
deformation structures in rocks, 493- 
502 
bending and flowing and, 493 - 497 
breaking and, 497 -499 
structural cross sections, 499-500 
Delaware Basin of Texas and New 
Mexico, 329 
delta-front beds, 62. 
deltaic cycles, 64 
delta lobe, abandoned, 63-64 


continental slope, 42 
turbidity currents and, 73 
continents. See also specific continents 
Cambrian, 258 - 259 
Cretaceous, 385 — 387 
Hess's explanation for fragmenta- 
tion of, 140-141 
convection, 32—33 
convective cells, 139 
convergence, evolutionary, 118 
Cope, Edward Drinker, 119 
Cope's rule, 119 
coral reefs, 46—47, 65 
dating, 86 —87 
modern, 67 
corals, 113-115, 505 
Paleogene, 406 
rugose (horn), Ordovician, 250-251 
cordaites (Cordaitophyta), 307 —309, 
505 
Cordilleran region 
Belt Supergroup, 235- 236 
mountain building in, 393 - 394, 


420-422 
uplift in, 451—452 
coring, 72 


Coriolis effect, 33, 35, 39 
Cotylosauria, 508 
covalent bonding, 475 
crabs, 507 
craters, Cretaceous, 392 
cratons 
Archean, 200-202 
Indian, 163-165 
mountain building and, 157 
Proterozoic, 226 — 236 
Cretaceous Period 
Chalk Seas of Europe in, 398—399 
continental shelf of eastern North 
America in, 396—398 
Cordilleran mountain building in, 
393-394 
Gulf Coast and North American In- 
terior Seaway in, 394 —396 
life in, 369—382, 384 
dinosaurs and mammals, 378-2 
flowering plants, 376-378 
marine predators, 376 
mass extinction, 388 
pelagic life, 369-373 
seafloor life, 373-376 
paleogeography of, 382 — 399 
new continents and oceans, 385- 
388 
sea level, climates, and ocean cir- 
culation, 382, 385 
terminal extinctions, 388 — 393 
Cretaceous System, 19-20, 367 
crinoids (Crinoidea), 10, 506 
Carboniferous, 303 
Ordovician, 250—251 
stalked, modern, 376 


jaws and, 280-281 
of mammals, 382-383 
populations, species, and speciation 
and, 111-112 
of skeletons, Tommotian, 243 
trends in, 118-124 
change of body size, 119-120 
rapid or gradual, 120—124 
exotic terranes, 175-176 
exposures, 3 
exterior drainage, 56, 58 
extinction, 2, 112-118 
of calcareous nannoplankton, 417 
human hunting and habitat destruc- 
tion and, 473-4 
Jurassic, 358 
of mammals, human expansion and, 
469 —470 
marine, Carboniferous, 318 
mass, 112-113 
Cretaceous, 388, 391-392 
Devonian, 270—271 
future, 116—117 
Late Devonian, 287, 289 
marine, Late Ordovician, 262 — 


263 
Oligocene climatic change and, 
415—418 


terminal Ordovician, 256 - 8 
terminal Permian, 321-323 
Triassic, 358 

rates of, 113-118 

of trilobites, in Cambrian Period, 

259—261 
extraterrestrial objects striking Earth, 

past and future, 196 - 197 


facies, 90—91 
Famennian Stage, 287, 289 
family, taxonomic, 7 
fans, 505 
fault basins of eastern United States, 
153 
faults, 13, 16, 143, 497—499 
movement along, 499 
thrust, 159 
fauna, 27. See also animals 
feldspar, 14, 479-480 
weathering of, 483 
felsic rocks, 14, 480—481 
corridors of, 130 
fermenting bacteria, 503 
ferns, 504 
Mesozoic, 345 - 347 
spore and seed, Carboniferous, 
305—307 
fern spike, 391 
fertilization, double, 377 
Filicinophyta, 504 
finches, Galápagos islands, 107-- 108 
firs, 505 


eon, 17 
Eotheria, 509 
epicontinental sea, 42 
epoch, stratigraphic, 98 
Epworth Basin, 212 —213 
equatorial countercurrents, 39 
equatorial currents, 39 
equinoxes, precession of the, 444 
era, stratigraphic, 98 
eras, 17 
erathem, 98 
erosion, 4 
sediments and, 483—484 
erratic boulders, 436 
Eryops, 311, 314—315 
Ethiopian Dome, 459 
Euglena, 223 
eukaryotes, 25, 205 
early evolution, 221 - 3 
Proterozoic, 220—223 
Euramerian flora, 319—320 
Triassic Period, 353, 357 - 358 
Eurasian plates, convergence of Aus- 
tralian and, 164—165, 167 
Europe 
chalk seas of, 398—399 
coal deposits in, 323—325 
fossil floras in, 319 
recent cold climate in, 442 
Euryapsida, 508 
eurypterids, 275, 506 
eustatic sea-level changes, 93 
Eutheria, 509 
evaporites, 56, 487-488 
Cretaceous time, 385—386 
Delaware Basin, 332 
Devonian, in eastern North Amer- 
ica, 290—291 
early Mesozoic, 356 
marine and nonmarine, 152—153 
Permian, 321 
even-toed ungulates, 408, 411 
Everglades of Florida, 313, 325 
evergreen coniferous forests, 38 
evolution, 103—124 
convergence, 118 
Darwin and, 104—110 
early anaerobic, 217 
“experimentation” in, 249 
extinction and, 112—118 
genes, DNA, chromosomes, and, 
110-111 
gradualistie model of, 123 
human, 461-470 
australopithecines, 462 — 464 
early apes, 461 - 462 
Homo erectus, 466 - A67 
human expansion and extinction 
of large mammals, 469 — 470 
Neanderthal, 468 —469 
robust australopithecenes, 467 — 
468 
irreversibility of, 124 
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Du Toit, Alexander, 133-135 
dynamic metamorphism, 490 


Earth 
age of, 18 
Archean Eon meteorite shower and, 
194 
axis of rotation of, 444 
collision with extraterrestrial ob- 
jects, 196-197, 388 
concentric layering of, 191 
core, mantle, and crust formation, 
191-192 
layers of, 13-14 
movements of, 13-15. See also 
earthquakes; continental drift; 
plate tectonics; tectonics 
orbit of, 444 
origin of, 189 
rotation of, 41 
earthquakes, 13, 15 
deep-focus, 144-147 
focus of, 13 
earthworms, 133 
East Pacific Rise, 454 
echinoderms (Echinodermata), 506 
Cambrian, 245 
evolution of, 249 
echinoids (Eehinoidea), 339-340, 506 
Ordovician, 252 
ecological opportunists, 117 
ecologic communities, 27 — 29 
ecologic niche, 26 - 27 
ecology, principles of, 26-29 
ecosystem 
attributes of, 27 
future of, 473—474 
reef, 46—47 
wetlands and, 312-313 
Ectoprocta, 505 
ectothermic condition, 314 
Ediacara fauna, 226 
eggs 
amniote, 311, 313 
dinosaur, 354 
elastic wedge, 161 
elements, chemical, 475 
elephants, 411, 434 
evolution of, 120 
Ellesmere Island, 424 
embryos of vertebrates, 108 
endothermic metabolism, 314 
environments, 25—48 
atmosphere, 29 — 30, 33, 35 
freshwater, 48 
marine, 39 — 48 
organisms and, 25—49 
terrestrial, 35-39, 52-53 
Eocene Epoch, 405 
global warming, 424-425 
Eocene forests, in Yellowstone Na- 
tional Park, 424-425 
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glaciation. See also glaciers 
causes of, 443-444 
chronology of, 439 — 440 
Gondwanaland, 262 — 264 
nature of expansions and contrac- 
tions, 440 — 443 
Pleistocene continental, 436 — 439 
and sea level, Carboniferous Period 
cyclothems and, 325-326 
western United States, 454 
glaciers, 36. See also glaciation 
annual layers, 447 
continental, 54-55 
deposition by, 54-55 
glass sponges, 289 
global disturbances, consequences of, 
390-391 
global warming, 447, 473. See also 
greenhouse effect 
Eocene, 424 — 425 
globigerinaceans (Globigerinacea), 
369-370, 504 
Neogene, 431 
Glossopteris flora, 131, 133—134, 
306-307 
gneiss, 198, 491 
Goat Seep Formation, 331 
Golconda arc, 362 
Golconda terrane, 362 
gold 
in Black Hills of South Dakota, 
232-233 
in Witwatersrand sequence, 201 
Gondwanaland, 131, 178-180 
Cambrian, 258-259 
Cretaceous, breakup of, 385-386 
Devonian, 289 
formation of, 231, 234—235 
Himalayas and, 163-165 
living animals and plants and, 133 
poleward movement of, 262-263 
temperature in Carboniferous, 318 
Gondwana sequence, 134-135 
gorillas, 7 
Gowganda Formation, 215 - 216 
grabens, 142, 150-151 
grade, 491 
graded bed, 486 
grains 
poorly sorted, 486 
well sorted, 486 
Grand Canyon (Arizona), 18, 448, 
452, 454, 499—500 
granules, 484 
granulites, 492 
graptolites (Graptolithina), 82, 507 
accurate dating and, 88 
Ordovician, 250 
Silurian, 271 
grasses, 905 
Neogene, 432-434 
origin of, 407 —408 
grasslands, 36 - 37 


living, 123, 278 
ginkgos, 346 

shells, oxygen isotopes of, 48 

of soft parts, 11-12 

trace, 11, 224-225 
fossil succession, 16 
Fountain Arkose, 328 - 329 
Franciscan sequence, 362—363 

in California, 154 

subduction of, 393—394 
Frasnian Stage, 287 —289, 295 
Frederick Limestone, 174 
fresh water, in coastal lagoons, 65 
freshwater environments, 48 
fringing reefs, 68 
frogs, 507 

Paleogene, 413 

Triassic, 348 
Front Range uplift, 328, 423 
fungi, 9 
fusulinids, 304 

extinction of, 321 


gabbro, 481 
Galápagos islands, 107 - 108, 112 
adaptive radiation in, 115, 117 
galaxies, 188 — 189 
gamete, 111 
gases in atmosphere, 192 
gastropods (Gastropoda), 506 
Ordovician, 252 
Geiseltal, 11 
gene pool, 112 
genes 
Mendel's work and, 110 
preservation of, 110 
genetic engineering, 280-281 
genetics, modern, 110-111 
genus (pl. genera), 7 
geologic time, 16-18 
geologic time scale, 17-20 
growth of, 18-20 
geology, fundamental principles of, 
15-16 
Gibraltar, 461 
Gigantopithecus, 461 
gills, jaw evolution and, 280-281 
ginkgos (Ginkgophyta), 346, 505 
giraffe family, 434 
glacial cycles, 444 — 447 
glacial deposits 
Gondwana, 135 
Proterozoic, 215-216 
glacial environments, 54-55 
glacial interval, Devonian, 289 - 290 
glacial maxima, 440 
glacial minima, 440 
glacial movement, climatic change 
and, 445 
glacial scouring, 437 
glacial tills, 437, 440 


fishes 
bony, early Mesozoic, 342 
freshwater, 276 
geologic occurrence of various, 275 
jawless, 275-276 
with jaws, 276—278 
lobe-finned, 279, 284 
with lungs, 278-279 
ray-finned, 277 - 8 
fissile rocks, 5 
fission-track dating, 86 
fissures, 482 
flint, 488 
flood basalts, 482 
flooding, in Cambrian Period, 258 
flora, 27. See also plants 
flowering plants, 38-39, 505 
Cretaceous, 376 - 379, 382 
Neogene, 431-433 
flying reptiles, 508 
flysch, 171 
foreland basins and, 160-161 
Wopmay, 214-215 
focus of earthquakes, 13 
fold-and-thrust belts, 159, 498 
Wopmay, 214 
North America, Cretaceous, 393 
folding, 493 
folds, 13 
foliation, 490-491 
food chain, 27-28 
food webs, 27-28 
Devonian adaptive radiation and, 
2T 
marine life habits, 43 — 45 
in oceans, 43— 45 
Foraminiferida (foraminifera), 504 
Cretaceous, 373 - 374 
foreland basins, 154, 160—161 
Cordilleran, 394 
Western North America, 364 
Wopmay, 215 
forests 
rain, 103 
Amazonian, during Pleistocene, 
459 
destruction of, 116-117 
tropical, 35 
shrinkage of, 466 
formations, 6, 97 - 98 
fossil burrows, in Nebraska, 53 
fossil fuels, 12 
greenhouse effect and, 446 — 447 
fossilization, 9 
fossils, 9-13 
accuracy of dating with radioactiv- 
ity versus, 87 - 89 
classification of major, 503—509 
definition of, 9 
of hard parts, 9-10 
imprints of soft-bodied animals, 
225-226 
index, 81-82 


iee caps. See glaciation; glaciers 
Iceland, 142, 194—195 
ice sheets. See glaeiation; glaciers 
ichthyosaurs (Ichthyosauria), 343 - 
344, 508 
Ichthyostega, 284 
igneous activity. See also mountain 
building 
in American West, 454 
igneous arc, 158-162 
igneous rocks, 4, 480—483 
dating of, 87 
extrusive (volcanic), 4 
of greenstone belts, 199 
intrusive, 4 
impressions, 10-11 
Inarticulata, 505 - 506 
index fossils, 81 - 82 
India 
craton, 163-165 
Gondwana sequence and, 134—135 
Himalayas and, 163 
Indonesia, volcanoes in, 146 
inheritanee 
blended, 111 
particulate, 110—111 
insects (Insecta), 507 
Carboniferous, 310—311 
flowers’ attraction of, 378 
interior drainage, 56 
intertidal zone, 41 
intrusions, 153, 481 
intrusive relationships, 16 
invertebrates, 10 
middle Paleozoic, 274--279 
ionic bond, 475 
ions, 475 
“iridium anomaly," 389-391 
iron, in Earth materials, 14 
iron formations, 488 —489 
banded, 218 
iron meteorites, 188 
iron ore deposits, 3, 488 — 489 
island ares, 145 
islands 
life forms on, 106-8 
volcanic, 69 
isostasy, 158 
isostatic adjustment, 14 
in American West, 454 
in Appalachians, 456 
isotopes, 48 
in meteorites, 190 
oxygen, 439 - 440 
radioactive, 84—87 
strontium, 97 
Isthmus of Panama, 444, 457 - 458 
Isua, banded iron formation at, 199 


Java man, 466 
jawed fishes, 507 
jawless fishes, 507 


Hercynides, 318 
Hess, Harry H., 138- 141 
heterotrophs, 206 
hexacorals, 113—115, 340, 505 
early Mesozoic, 340 
Himalayas, 18 
formation of, 162—165, 167 
pattern of orogenesis, 164—165, 167 
plate movements and, 163-164 
Holostei, 507 
Hominoidea, 461 
Homo (genus), 464 — 466. See also 
human evolution 
classification of, 7 
early, 464 
Homo erectus, 466 —467 
Homo habilis, 464 — 5 
homology, prineiple of, 108—109 
Homo neanderthalensis, 468 
Homo sapiens, 468 
Homo sapiens neanderthalensis, 468 
horses 
evolution of, 120—121 
modern, 470 
Neogene, 434 —435 
Oligocene, 413 
horseshoe crabs, 506 
horsetails, 504 
hot spots, 149-151 
Yellowstone, 423-45 
Hovey Channel, 329, 332 
Hudson Bay, 42, 437 
Hudson River Palisades, 360 
human evolution, 461—470 
apes and, 461 —462 
australopithecines, 462—464 
Cro-Magnon, 468 
extinction of large mammals and, 
469-470 
future of, 472 — 473 
Homo, 464-466 
Neanderthal, 468 — 469 
robust australopithecines, 467 — 468 
humans. See Homo (genus) 
humus, 52 
Huronian sequence, lack of red beds 
in, 218 
Huronian Supergroup, 215 
Hutton, James, 3, 18, 292 
hybodont sharks, 342 —343 
hydrogen, 30 
hydrological cycle, global, 32 
hyena family, 434 
hypersaline water, 48 
hyposometric curve, 25-6 


Iapetus Ocean, 174-175 
narrowing or closing of, 264 
Ice Age, 416, 439— 444. See also gla- 
ciation 
Little, 445 
icebergs, 55 
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gravel, 484 
gravity 
deep-sea trenches and, 140-141 
plate movements and, 147 
gravity spreading, 160 
graywacke, 486 
Great Bahama Bank, 70 
Great Basin (U.S.), 36, 441, 449, 453 
Greater Antilles, 457 
Great Glen Fault, 499 
Great Lakes, 437, 441 
Great Plains (U.S.), 36, 426, 454 
Great Smoky Mountains, 170 
Great Valley of California, 422, 450— 
453 
Great Valley sequence, 363, 450 
greenhouse effect, 31, 390, 473 
fossil fuels and, 446 — 447 
future of, 425 
volcanic aetivity and, 388 
Greenland, Archean rocks of, 195 
Green Mountains, 170 
Green River Formation, 422 - 493 
greenstone belts, rocks of, 198 - 200 
Grenville orogenic belt, 234-235 
Grenville Province, 234 
groups, stratigraphic, 6, 98 
Guadalupe Mountains, 329, 331 
guide fossils. See index fossils 
Gulf Coast of North America, 426 — 427 
Gulf of Aden, 150—151, 459 
Gulf of Mexico, 356-357, 395 
Gulf Stream, 39, 444 
Guyot, Arnold, 138 
guyots, 138-140 
gymnosperms, 308, 504 
Early Cretaceous, 376 
Mesozoic, 345-347 
gypsum, 487 


habitats, 26 
destruction of, 116-117 
human destruction of, 116-117, 
473 
Hadrian's Wall, 292 
half-life of radioactive element, 87 
halite, 477, 487-488 
Haptophyta (calcerous mannoplank- 
ton), 504 
hardness of minerals, 475—476 
hardwood trees, 505 
fossil, 38-39 
Hawaiian Islands, 149 
Helderberg Group, 177 
hematite, 217 
Hemicyclaspis, 276 
Henslow, J. S., 105 
herbivores, 27 
Neogene, 434 
herbs, Neogene, 431-433 
Hercynian orogeny, 318 
Hercynian sequence, 327 
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lycopods (Lycopodophyta), 282 — 283, 
504 
Carboniferous, 305-306, 308 
Lyell, Charles, 405, 429 
Principles of Geology, 3, 105 
Lystrosaurus, 136 


Madagascar, animals of, 130—131 
mafic rocks, 14, 481 
extrusive, 482 
weathering of, 484 
magma, 4, 145, 481 
felsic continent crust and, 194 
mountain building and, 158 
magnesium, in Earth materials, 14 
magnetic field, structure of Earth’s, 
137 
magnetic reversals, 96-7 
magnetic stratigraphy, 95-97 
magnetic striping, 141—142 
magnetism, rock, 136-138 
Main Boundary Fault, 165, 167 
Main Central Thrust, 164—165, 167 
Malvinokaffric Province, 287 — 289 
mammal-like reptiles, 314-315, 508 
Mesozoic, 347. See also dinosaurs 
mammals (Mammalia), 7, 509. See also 
specific family, genera, and species 
adaptive radiation of, 113, 117 
African, 460—462 
American interchange of, 457-458 
Cretaceous, 382, 384 
extinction of large, human expan- 
sion and, 469-0 
marsupial, 118-119, 457—458, 509 
Mesozoic, 347 
Neogene, 434-436 
Oligocene, 413-415 
Paleogene, 408-413 
stages in evolution of, 382—383 
manatees, 120 
mantle, 14 
marble, 491 
maria (moon's craters), 193 
marine environment and life, 39 —48 
marine temperature, 45 
biogeography and, 45, 47-48 
marker beds, 89 
marshes, 42 
definition of, 312 
Devonian, 282 
marsupials, 118—119, 509 
South American, 457 — 458 
mass extinctions, 112—113 
future, 116-117 
Cretaceous, geographic pattern of, 
392 
Devonian, 270—271 
Late Devonian, 287, 289 
marine, Late Ordovician, 262 - 263 
Oligocene climatic change and, 
415-418 


in Middle and Late Cambrian, 259 
as part of larger craton, 230 
in Proterozoic Eon, 230—231, 235 
lava, 481 
extruded, 142 
leaves, 10, 103 
Lepidodendron, 305-306, 319 
Lepidosauria, 508 
Lesser Antilles, 457 
Lewis, Meriwether, 233 
life. See also animals; bacteria; evolu- 
tion; plants; Protoctista 
in Archean Eon, 201 - 208 
classification of, 7-8, 502—509 
Cretaceous, 369 — 382, 384 
dinosaurs, mammals, other verte- 
brates, 378 - 382 
flowering plants, 376 -378 
flying vertebrates, 382 
marine predators, 376 
seafloor, 373—376 
definition of, 7 
early Paleozoic, 241 - 7 
and environments, 25 — 49 
late Paleozoic, 301-315 
Mesozoic terrestrial, 344—355 
Neogene 
aquatic, 431 
land plants, 431 — 434 
terrestrial vertebrates and, 434- 
436 
Paleogene 
land and freshwater animals, 
408—413 
land plants, 407-408 
marine, 405 — 407 
Pelagic, 369-373 
Proterozoic Eon, 219-226 
Triassic, 353, 356 
life habit, 26 
limestones, 489 
limiting factors, 26 — 27 
extinction and, 112 
lithification, 4—5, 486 
lithosphere, 14 
litho-stratigraphic units, 98 
Little Bahama Bank, 70 
Little Dal Group of northwestern 
Canada, 223 
Little Ice Age, 445 
liverworts, 504 
lizard-hipped dinosaurs, 349, 508 
lizards, 508 
lobe-finned fishes, 279, 284, 507 
lobsters, 507 
Loch Ness, 499 
Loma Prieta earthquake (1989), 166- 
167 
longitude, 137 
longshore currents, 64 
Louann Salt, 356-357 
lungfishes, 278 - 279, 507 
lungs, evolution of, 285 


jaws 
evolution and, 280-281 
of reptiles, advanced, 313 
jellyfishes, 505 
Cambrian, 248 
Precambrian, 225—226 
joints, 497 
Juniata Formation, 264 
Jurassic Period. See also Mesozoic Era 
extinction in, 358 
paleogeography of, 356-358 
Jurassic System, 339 


kangaroos, 118 

Karroo sequence, 134 
Kayenta Formation, 360 
Kelvin, Lord, 18 

Kenyan Dome, 459 
Keweenawan rocks, 232 — 234 
key beds, 89- 90 

kingdoms of living things, 7 
Klamath Arc, 296 

Klamath Mountains, 296 
Kolyma, 322 

Krakatau, 146 

Kuenen, Philip, 72- 73 


Labyrinthodontia, 507 
lagoons, 64-5 
fossils in, 65 
lake deposits, 53-54 
lakes, 48 
as depositional environments, 53- 
54 
fossils in, 54 
glacial, 55 
playa, 56 
Lake Tanganyika, 152 
Lake Victoria (Uganda), fish species 
in, 115, 117 
laminations, 5, 486 
lamp shells, 505 
land bridges, 130-131 
Bering Strait, 438 - 439 
North America to South America, 
457-458 
land plants 
Cretaceous, 376-378 
Early Mesozoic, 345—347 
Early Paleozoic, 256-257 
Late Paleozoic, 305—308 
Middle Paleozoic, 279-284 
Neogene, 431—434 
Paleogene, 407 — 408 
Lapworth, Charles, 20 
Laramide orogeny, 396 
Paleogene, 421 -425 
laterites, 52 
Laurasia, 135, 292. See also Old Red 
Sandstone continent 
Laurentia, 174, 179 
continental accretion in, 228 - 230 


mudstones, Proterozoic, 214 
multituberculates, 509 

Murchison, Roderick, 20, 269, 301 
mussels, 506 

mutations, 111—112 


"naked-seed plants," 308 
nannoplankton, caleareous. See cal- 
careous nannoplankton 
natural levees, 60 —61 
natural selection, 110 
nautiloids (Nautiloidea), 506 
Cambrian, 248 
Ordovician, 252 
Navajo Sandstone, 360 
Neanderthal, 468 — 469 
Neander Valley, Germany, 468 
nebula, 189 
nekton, 43-45 
Neogene Period, 405, 429-470. See 
also Miocene Epoeh; Pleistocene 
Epoch; Pliocene epoch; Recent 
Epoch 
Africa in, 459— 461 
American West in, 447 —454 
Miocene Epoch, 450 — 452 
Pliocene and Pleistocene epochs, 
452 —454 
uplift and igneous activity mecha- 
nisms, 454 
provinces of, 447 - 450 
Caribbean Sea in, 457 
climatic change in, 436 — 447 
causes of glaciation, 443—444 
chronology of glaciation, 439 — 
440 
glacial cycles, 444-447 
glacial expansions and contrac- 
tions, 440—443 
Pleistocene continental glacia- 
tion, 436—439 
Pliocene Epoch, 436 
human evolution in, 461—470 
australopithecines, 462 — 4 
early apes, 461 - 462 
Homo erectus, A66 — 467 
human expansion and extinction 
of large mammals, 469 — 470 
Neanderthal, 468 — 469 
robust australopithecenes, 467 - 
468 
life in aquatic environments, 431 
life on land, 431 - 436 
flowering plants, 431—434 
interchange of mammals, 457 - 
458 
terrestrial vertebrates, 434 — 436 
Tethyan Seaway in, 460— 461 
western Atlantic Ocean in, 454— 458 
Neolithic culture, late, 468 
Neornithes, 509 


Mississippian System, 301 
Mississippi delta, 62 —63, 66 
shrinking, 66 
Mississippi Embayment, 395-396, 
426 
mitochondrion, 221—222 
mode of life, 26 
Moho (Mohorovičić diseontinuity), 
14, 135-136 
molasse, 171 
foreland basins and, 161 
Wopmay, 215 
mold, 10 
mollusks (Mollusca), 10, 506. See also 
bivalves 
Cambrian, 245 
Cretaceous, 375 
early Mesozoic, 339 
middle Paleozoic, 271—272, 274 
Monera, 205, 503 
monkeys, 7, 436 
Old World, 436 
Oligocene, 415 
Monoplacophora, 506 
moon 
Archean meteorite shower and, 
193 
origin of, 190 
surface of, 193 
moraines, 54- 55, 437 
Morley, L. W., 141 
Morrison Formation, 349-351, 364— 
365 
mosasaurs, 371-372, 508 
moss animals. See bryozoans 
mosses, 504 
mountain building, 157-181 
Andes, 161—162 
Appalachians, 167—181 
Carboniferous, 318 
Cordilleran region, 420 — 422 
foreland basin deposition and, 160— 
161 
Himalayas, 162—165, 167 
mechanisms of deformation in, 
158-160 
plate tectonics and, 157 — 158 
in Proterozoic Eon, 211—215 
mountain chains. See also specific 
chains 
anatomy of, 158-159 
of Cenozoic origin, 163—164 
submarine, 157. See also midocean 
ridges 
Mount Kilimanjaro, 459 
Mount Monadnock, 437 
Mount St. Helens, 449, 452, 482 
Mount Vesuvius, eruption of, 147 
Mousterian stone culture, 468 
Mowry Formation, 394 
Mowry Sea, 394—395 
mud, definition of, 484 
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mass extinctions (continued) 
terminal Cretaceous, 388 
terminal Ordovician, 256- 258 
terminal Permian, 321-323 
Triassic, 358 
Matthews, Drummond, 141 
Mauch Chunk formation, 178 
meandering rivers, 59-61 
coal beds and, 323-324 
turbidite deposits vs. deposits of, 73 
Mediterranean Sea, salinity crisis in, 
460-461 
Mediterranean climates, 38 
mélange (rocks), 154 
members, 6 
stratigraphic, 98 
Mendel, Gregor, 110-111 
Mesohippus, 413 
mesonychids, 411-412 
Mesosaurus, fossils of, 133-134 
Mesozoic Era, 17, 335-365 
early, 337-365 
ocean life, 339-340 
gymnosperm flora of, 345—347 
paleogeography of, 353, 356—365 
terrestrial life in, 345—355 
metabolism 
dinosaurs', 355 
ectothermic vs. endothermic, 355 
endothermie, 314 
metamorphic belt, 159 
metamorphic rocks, 5-6, 490-492 
metamorphism, 5 
contact, 491 
dynamie, 490 
regional, 227 — 228, 490 — 491 
upper limit of, 491 - 492 
Metatheria, 509 
meteorites, 2—3, 187-188 
Cretaceous extinction and, 389 — 392 
material of, 190 
moon, impact on, 193 
striking Earth, past and future, 194, 
196-197 
micas, 479, 483 
Michigan Basin, 290—291 
microplate, 227 
microspherule, 390 
Mid-Atlantic Ridge, 132, 139, 150- 
151 
Midcontinental Gravity High, 232 
Midland Basin, 329 
midocean ridges, 139—142 
minerals 
breakage of, 477 
definition of, 3 
oxidation state of, 217 
properties of, 475—479 
rock-forming, 479 — 480 
silicate, 5 
Miocene Epoch, 405. See also Neo- 
gene Period 
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oysters, 506 
evolution of, 122 — 123 
Ozark Dome, 395-396 


Pacific plate, 149 
Paleogene Epoch, 403-427 
climatic change and mass extinction 
in, 415-418 
Paleogene Period, 405 
land movements, 418—427 
marine life evolution in, 405-7 
Oligocene mammals, 413— 415 
terrestrial and freshwater animals, 
408—413 
terrestrial plants, 407-408 
paleogeography, 51 
Cambrian, 258-261 
Ordovician, 261-266 
paleomagnetic, 136-138 
Paleozoic Era, 17, 239—266 
early 
later Cambrian marine life, 
244—249 
life in, 241—257 
Ordovician adaptive radiation, 
249—257 
Tommotian, 243 
late, 299—332 
coal deposits in North America 
and Europe, 323 -325 
continental collision in, 318 
earth movements in southwestern 
United States, 326-332 
freshwater and terrestrial animals 
in, 309-311, 313-315 
glaciers and sea level in, 325-326 
limestone deposition in, 318 
major events of, 300 
marine life in, 301 - 305 
mass extinction in, 321—323 
paleogeography of, 315-321 
Permian climate, 319-321 
plant life on land in, 304—308 
temperature in, 319 
western margin of North Amer- 
ica, 332 
middle. See also Devonian Period 
marine life in, 271—279 
paleogeography of, 287 - 296 
plants in, 279-4 
Pangaea, 132-133, 135-136 Im; 
179-181 
assembly of, 319-320 
breakup of, 356 
Mesozoic, 337-365 
during Triassic Period, 353 
Pantotheria, 509 
Paradox Basin, 329 
Paradoxides, 175, 179, 259 
Parana Basin, 287-289 


oil shales, 423 
Oldowan tools, 464-465 
Old Red Sandstone continent, 178- 
180, 287 - 289, 292-295 
Olduvai Gorge, 460, 464-465 
Old World monkeys, 436 
Oligocene Epoch, 405 
olivine, 476, 481 
Olympic Mountains, Washington, 450 
Olympic Range, 422 
On the Origin of Species by Natural Se- 
lection (Darwin), 104, 438 
Onychophora, 506 
ooze, calcareous, 74-75 
ophiolites, 154, 158 
opportunistic species, 28-29, 117 
order, taxonomic, 7 
Ordovician Period 
adaptive radiation in, 249-256 
glacial episode, 262-263 
marine mass extinctions at close of, 
262—263 
paleogeography, 261 - 266 
predators, 252 
sea-level lowering, 242, 263 
Ordovician System, 20 
organic reefs, 65, 67-69 
original horizontality, principle of, 15 
original lateral continuity, principle 
of, 15 
Oriskany Sandstone, 177 
Ornithischia, 508 
orogenesis. See mountain building 
orogenic stabilization, 227 - 228 
orogenic belt, Cretaceous, in western 
North America, 393-394 
orogeny, 157-158. See mountain 
building 
Osteichthyes, 507 
ostracods (ostracoderms), 276, 507 
Cambrian, 245-246 
Ordovician, 252 
Ouachita Mountains, 179, 326—327 
outcrops, 3 
outwash, 55 
overturned fold, 494 
oxides, 480 
oxygen, 29-30 
atmospheric, 192 
in Proterozoic Eon, 216—219 
respiration and, 217 
in oceans, 383, 385 
photosynthesis and, 218 
in polar waters, 40 
stromatolites and, 219 
wetlands and, 312-313 
oxygen cycle, global, 30 
oxygen isotopes, 439 — 440 
of fossil shells, 48 
seawater changes in, 416, 
419 
oxygen sinks, 218 


Nevadan orogeny, 363 
Newark rift, 153 
Newark Supergroup, 358 - 362 
New Guinea, reef-built terraces in, 
444 — 445 
New Jersey, searching for oil off 
southern, 94-5 
New Madrid earthquakes (1911 and 
1912), 167 
New World monkeys, 436 
niche, ecologic, 26-27 
Niobrara Chalk, 396 
nitrogen, 29 — 30 
normal faults, 497 — 498 
North America 
assembly of, 228-6 
craton, 181 
eastern 
Appalachian Mountains, 167 — 
181, 456 
continental shelf, 396-398 
Devonian, 290 - 295 
uplifts and basins, Paleogene, 
422-423 
Gulf Coast of, 394—395, 426-427 
Interior Seaway, 388, 395 - 396 
Pacific coast of, Mesozoic, 362 
Paleozoic history of, 263 — 265 
recent vegetational changes in, 446 
western, 332, 361 
birth of West Coast, 235-236 
cratons in Southern Hemisphere 
and, 230- 231 
Mesozoic, 360-365 
Miocene, 450-452 
Neogene, 447-454 
Plio-Pleistocene time, 452-454 
reef building and orogeny in, 
295 — 296 
tectonics of, 420-427 
North Pole, 136. See also poles 
nothosaurs, 343 - 344, 508 
nucleic acids, 206 
nutrients, as sparse during Archean 
time, 219 


oblique-slip faults, 498 

ocean basins, 148 

ocean crust, 140— 141 
continental crust and, 194 
formation of, 141—143 
movement of, 139-141 

oceans, 42. See also sea(s); sea level 
Archean, 192 
Cretaceous, 383, 385—386 

octopuses, 506 

odd-toed ungulates, 408, 411, 413 

Ogallala Formation, 454 

oil or gas. See also petroleum 
seismic stratigraphy in search for, 
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plutonic rocks, 1 
plutonium isotopes, in meteorites, 190 
plutons, 158, 1 
point bar, 60 
point mutations, 111-112 
polar-wander paths, 137—138 
poles 
magnetic, 136—138 
north and south, 37 
water at, 40 
pollen, 282, 284 
pollution, acid rain, 117 
polypeptides, 206 
Pompeii, 147 
Pongidae. See apes 
Pongola Supergroup, 201 - 203 
Popigai crater, 197 
populations 
gene pool of, 112 
geographic isolation of, 112 
Porifera, 289, 322-323, 505 
potassium-argon method of dating, 
86 
Pottsville Formation, 178 
prairie potholes, 313 
Precambrian interval, 17 
Archean Eon of, 185—187, 191 - 
208 
Proterozoic Eon of, 211—236 
Precambrian shield, 185—186 
precession of the equinoxes, 444 
precipitation, 32 
predation, 27 --28 
predators 
Cambrian, 247 —248 
swimming, 274—279 
impact of, 279 
primates, 7 
apelike Oligocene, 415 
Paleogene, 408 — 409 
terrestrial ecosystem and, 434, 436 
Principles of Geology (Lyell), 3, 105, 
405, 429 
prodelta beds, 62-63 
producers, 27 
productids, 302 -303 
progradation, 63 
prokaryotic cells, 205, 503 
fossil, 220 
Proterozoic Eon, 17, 211—236 
atmospheric oxygen in, 216-219 
cratons in, 226 - 236 
assembly of North America, 228— 
236 
birth of west coast, 235—236 
continental accretion, 227 -228 
Grenville orogenic belt, 231, 
234—235 
rifting, central and eastern, 230— 
234 
suturing of Archean cratons, 
228—230 


placodonts (Placodontia), 508 
planets 
age of, 187—188 
origin of, 189—191 
plankton (planktonic foraminifera), 
43, 75 
Cambrian, 247 
early Mesozoic, 340—341 
as index fossils, 82 
oxygen isotope ratio in, 439—440 
plants (Plantae), 504—505 
delayed diversification of, 226 
extinctions of, 2 
flowering, 38-39 
Cretaceous, 376—379, 382 
as indicators of climate, 38 — 39, 
438, 440 
land 
Cretaceous extinction and, 393 
Mesozoic, 345 —347 
Ordovician, 256 
middle Paleozoic, 279—284 
seed-bearing, 282, 284-5 
spore-bearing, 280 - 281, 504 
vascular, 279 — 280, 282 
plate boundaries, 147 
plates, 14-5 
changing configuration of, 147 
descent of, 145 
descent of in earthquakes, 145 
distribution of lithospheric, over 
Earth's surface,-130 
plate tectonics (plate movements), 
138-151 
absolute plate movements, 149-150 
Acadian orogeny and, 178-179 
Alleghenian orogeny and, 179-181 
ancient, 152—154 
continental rifting and, 150—151 
Himalayas and, 163 
midocean ridges and, 142—144 
mountain building and, 157-158 
paleomagnetism and, 141—142 
relative plate movements, 147—148 
seafloor spreading, 138—141 
subduction at deep-sea trenches 
and, 144—147 
Taconic orogeny and, 171-176 
theory of, 127-129 
playa lakes, 56 
Pleistocene Epoch, 405. See also Neo- 
gene Period 
continental glaciation, 436 -9 
rates and patterns of geographic 
change in, 446—447 
plesiosaurs, 343—344, 371, 508 
Pliocene Epoch, 405. See also Neo- 
gene Period 
equability, 436 
sea level in, 436 
plume, thermal, 149 
plunging fold, 495-496 
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Paranthropus boisei, 467 - 8 
Paranthropus robustus, 467 
parasites, 27-28 
parent isotope, 84 
particulate inheritance, 110-111 
passive margins, 153 
patch reefs, 68 
peat, 12, 42, 312 
pebbles, 484 
Peking man, 466 
pelagic life, 45, 369—373 
Devonian demise of, 289 
early Mesozoic, 340-345 
pelagic sediments, 74-5 
pelvis 
Australopithecus, 463 
Homo erectus, 467 
pelycosaurs (Pelycosauria), 508 
finback reptiles, 314 
Pennales, 431 
Penninsular range, 450 
Pennsylvanian System, 301 
periods, 17, 407 
period, stratigraphic, 98 
Permian Period 
climatic complexity of, 319—321 
life, 304-305, 308, 310-311, 
313-316 
floras of, 319-321 
terminal mass extinction in, 321 — 
323 
Permian System, 301 
of west Texas, 329-332 
permineralization, 10 
Petrified Forest (Arizona), 360 
petroleum 
in Great Valley of California, 452 
Green River deposits, 423 
in Mississippi River region, 427 
search of, 93-95 
Phanerozoic Eon, 20 
phosphate rocks, 488 
photic zone, 42-45 
photosynthesis, 30, 38, 207-208 
atmospheric oxygen and, 192, 217, 
218 
ocean, 42-45 
in protoctists, 222 —223 
photosynthetic bacteria, 208 
phylum (pl. phyla), 7 
phytoplankton, 43 — 45 
in lakes, 48 
Piedmont Province, 168—170, 179- 
180 
pig family, 434 
Pilbara Shield of Australia, 203 
pillow basalt, 142, 482-483 
pines, 505 
pinnacle reefs, 68 
pinnipeds, 407 
placentals, 509 
placoderms (Placodermi), 277, 507 
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classification of bodies of, 6 
composition of, 3 
crystalline, 6 
deformation structures in, 493 — 
502 
deformed, 153-154 
igneous, 480—483 
metamorphic, 490 — 492 
sedimentary, 198 
uniformitarian view of, 3-6 
rock-stratigraphic units, 98 
Rocky Mountains, 18, 447 — 448, 452, 
454. See also Cordillerar region 
formation of modern, 425 —426 
uplift in, 452 
rodents, 411 
Neogene, 434 
rotation of Earth, 33, 41 
rubidium-strontium system, 86 
rudists, Cretaceous, 375-376 
rugose corals (Rugosa), 505 
Ordovician, 250-251 


salamanders, 507 
Salientia, 507 
salinity, 48 
Mediterranean, 460 — 461 
Salisbury Embayment, 455-457 
Samfrau, 135 
San Andreas Fault, 153, 450-451, 
454-455 
sand, 484 
cross-bedded, 55, 60, 62, 64 
definition of, 484 
sand dollars, 407 
sand dunes, 58 
sandstone, 485, 487 
San Francisco earthquake (1906), 
166, 450 
Sangamon glacial minimum, 440 
Sarcodina, 504 
Sarcopterygii, 507 
Saurischia, 508 
sauropods, 349 
Sauropterygia, 508 
savannahs, 36 - 37 
scallops, 506 
scavengers, 28 
Schimper, W. P., 405 
schist, 491 
Scleractinia (hexacorals), 113—115, 
340, 505 
scorpions, 506 
Scotia Arc, 161 
Scyphozoa, 505 
sea(s). See also oceans 
depth of, 41— 43 
sea anemones, 505 
sea cows. See manatees 
seafloor, 45 
deep, 42 


Delaware Basin, 329 - 332 
early Cambrian, 248 — 249 
early Mesozoic, 340 
fringing, 68 
late Paleozoic, 301-302 
living, 67 - 68 
Mesozoic, 357 
Middle Ordovician, 255-256 
New Guinea, 444-445 
organic, 65, 67-69 
Paleogene, 406 
Silurian and Devonian, 271, 273- 
1 
tabulate-strome, 271, 273-274 
of western Canada, Devonian, 295 
regional metamorphism, 490 — 491 
regional strike, 494 
regression of a shoreline, 91 
relict distribution, 29 
religion, Neanderthal, 469 
remobilization of continent crust, 227 
reproductive barriers between spe- 
cies, 112 
reptiles (Reptilia), 370—371, 508 
in Carboniferous Period, 311, 313- 
314 
Cretaceous, 382 
early Mesozoic, 343—345 
respiration, definition of, 217 
reverse faults, 498 
rhinoceros, Oligocene, 415 
Rhodophyta (red algae), 504 
Rhynia, 280—282 
Rhynie Chert, 284 
rhyolite, 481 
ribonucleic acid (RNA), 206 
Richter scale, 166 —167 
rifting of continents, 150—151 
in Africa, 459— 460 
ancient, 152—153 
of Laurentia and Baltica, 235 
Mesozoic, 356 
in North America, 230— 234 
northern Atlantic, 418-419 
rifts, three-armed, 150-151 
rift valleys, African, 152 
ring of fire, earthquakes and, 145- 
147, 166 
rings in trees, 319, 446—447 
ripples, 486-487 
river-dominated delta, 63 
rivers, 48 
depositional environments, 58 —61 
RNA, self replication and, 206 
Roberts Mountains terrane, 361-362 
Roberts Mountain Thrust, 296 
robust australopithecines, human evo- 
lution and, 467 — 468 
rock-forming minerals, 479 - 480 
rocks. See also specific types of rocks 
Archean, 198-200 
basic kinds of, 4-6 


glacial deposits in, 215-216 
life in, 219-226 
eukaryotes, 221—223 
multicellular algae, 223 
multicellular animals, 223 — 226 
prokaryotic cells, 220-221 
stromatolites, 220 
orogeny in, 211-215 
Protoctista, 221—223, 503—504 
Protorosauria, 508 
Prototheria, 509 
protozoans, evolution of, 222-223 
pseudoextinction, 112, 122 
Psilophyta, 504 
psychrosphere, 43, 416-417 
formation of, 418 
Pteraspis, 276 
Pteridospermales, 504 
pterosaurs (Pterosauria), 349, 352, 508 
Purgatorius, 384 
pyrite, 217 
pyroxenes, 479, 491 


quartz, 479, 484 
quartzite, 491 

quartz sandstone, 485 
Quaternary Period, 405 
Queenston Formation, 264 


radiation, 113 
radioactive decay, 16, 84—87 
Earth's heat and, 192 — 193 
radioactive elements, half-life of, 87 
radioactivity, 84 — 89 
radiolarians. See Actinopoda 
radiometric dating, 87. See also dating 
of rocks 
of Canadian Shield, 228 
fossil dating v., 87-89 
of meteorites, 188 
radiometric isotopes, 85-87 
rain forests, 103 
Amazonian, during Pleistocene, 459 
destruction of, 116-117 
tropical, 35 
rain shadow, 36 
Ranidae, 413 
ray-finned fishes, 277 - 278, 507 
Recent Epoch, 405. See also Neogene 
Period 
recumbent fold, 494 
red beds, 217 - 218, 487 
Red Sea, 150-152, 459 
redshift, 189 
reef-building corals, dating, 86 -87 
reef ecosystem, 46-47 
reef flat, 67 
reefs 
archaeocyathid, 248 — 249 
coral, 46-47, 65, 67 
Cretaceous, 375-376 


Southern Hemisphere, recent glaciers 
in, 442-443 
South Pole, 136 
speciation, 112, 120 
rapid steps of, 120, 122 
species, 7 
environment and, 26-27 
extinction of, 112—118 
migration of, during Pleistocene, 
437—440 
opportunistic, 28 — 29 
origin of new, 112 
tropical, 116 
sphenopsids (Sphenophyta), 306 — 
308, 504 
spiders, 506 
sponges. See Porifera 
spore-bearing ferns, 305-307 
spore-bearing plants, 280—281, 305- 
307, 504 
sporcs, 280 
spreading 
continental, 153 
gravity, 160 
scafloor, 140-141 
spruce trees, 2, 505 
squids, 506 
stabilization 
orogenic, 227 - 228 
by vegetation, 284 
in western North America, 264—265 
stage, stratigraphic, 98 
starfishes, 506 
Ordovieian, 259—253 
Stelleroidea, 506 
Steno, Nicolaus, 15-16 
stony meteorites, 187—188 
stratification, 5 
stratigraphy 
dating and, 89 
magnetic, 95--97 
units of, 97 — 99 
stratum (strata), 5 
strikc of bed, 494 
strike-slip faults, 143, 154, 498 
stromatolites, 70—71 
Archean, 203 
Cambrian and Ordovician, 256—257 
fossils in, 71 
modern, 256 
oxygen and, 219 
Proterozoic, 211, 214, 220 
stromatoporoids (Stromatoporoidea), 
952, 255,508 
strontium isotopes, and dating, 97 
subduction 
in Andes, 161 
in Cordilleran region, Paleogene, 
422 
at deep-sea trenches, 144—147 
of Franciscan complex, 393- 394 
mountain building and, 158 


selective breeding, 110, 281-282, 
473 
Serengeti Plain, 460 
series, stratigraphic, 98 
Sevier orogeny, 393—394 
sexual recombination, 111—112 
shale, 423, 485 
sharks, 507 
Cretaceous, 370 
Devonian, 277 
early Mesozoic, 342 — 343 
jaw evolution of, 280—281 
shield volcanoes, 482 
shocked grains, 389— 390 
Siberia, flora of, 319 
Sierra Nevada Range, 362, 449—451, 
453 
fault block, 450 
glaciation in, 454 
Sigillaria, 305-306, 319 
silica, 488 
silicates, 5, 478-9 
siliciclastic sedimentary rocks, 484- 
487 
classification of, 484-5 
siliciclastic sediments, 483 
North America continental shelf 
and, 397 
sills, 481 
Silurian System, 19, 88-89, 269 
Siwalik beds, Pakistan and India, 461 
skeletons, 10 
Tommotian, 243—244 
slate, 491 
Slave Province, 213—215 
Smith, William "Strata," 16, 81 
snails, 506 
Snake River Plain, 452 
Snake River plateau, 449 
snakes, 434, 508 
Snider-Pellegrini, Antonio, 130 
soil 
ancient, 52-53 
definition of, 52 
formation of, 52 
fossils in, 53 
soil environments, 52-53 
solar energy, 31-32 
solar nebula theory, 189 
solar radiation, 31-32 
solar system, origin of, 189 
Solnhófen Limestone (Germany), 352 
songbirds, Neogene, 434 
Sonoma orogeny, 332, 362 
Sonomia, 362 
South Africa, Gondwana sequence 
and, 134—135 
South America 
animals of, 105—106 
central, 287 — 289 
fauna of, 457 - 458 
Gondwana sequence and, 134 
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Seafloor (continued) 
Late Jurassic, 339—340 
magnetic anomaly patterns of, 141 — 
142 
spreading, 138—141 
subtidal, 42 — 43 
youth of, 138—139 
seafloor sediment, 74-75 
seafloor spreading, 140-141 
sea level, 437 
Carboniferous Period cyclothems 
and, 325—396 
changes in, 91— 95 
Cretaceous, 382— 383 
drop in Carboniferous, 318 
drop in Late Permian, 321—323 
eustatic, 93 
Mesozoic, 356 
Ordovician, 242, 263 
Pliocene, 436 
recent changes in, 444 
sea lilies. See crinoids 
seamounts, volcanic, 138— 140 
sea pens, Precambrian, 225—226 
seashells, 10 
sea urchins. 5ee echinoids 
early Mesozoic, 340 
seawater, salinity of, 192 
sca whips, 505 
Sedgwick, Adam, 20, 269 
sedimentary cycles, 61 
sedimentary environments, 51—75 
arid basins, 56 
carbonate platforms, 69 - 72 
deserts, 55-58 
fossils in, 53-54, 65-71 
glacial, 54-55 
lakes, 53 
river systems, 58-61 
seafloor, 74-75 
submarine slopes and turbidites, 
72-73 
sedimentary rocks, 4-5, 484-0 
Archean, 198 
chemical and biogenic, 487 — 490 
classification of, 485 
of greenstone belts, 199 
siliciclastic, 484—487 
sedimentary structures, 486 
sediments, 4-5, 483-484. See also 
sedimentary environments 
in deep sea, thickness of, 138 
pelagic, 74-75 
settling of, 484 
seed, 282 
seed-bearing plants, 282, 284—285 
seed ferns, 305—307, 504 
seismic stratigraphy, 92 —95 
in the search for petroleum and nat- 
ural gas, 94-5 
seismic waves, 13-14 
seismographs, 13 
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tortoises, Galapagos Islands, 107 
trace fossils 11, 224-225 
trade winds, 35, 39 
Transcontinental Arch, 293, 295 
transform faults, 143, 147 
rock, 154 
transgressions, 91 
cyclothems and, 324 — 325 
Transition Bed (China), 321 -322 
transpiration, 32 
Transverse Range, 450 
tree-climbing, by Australopithecus, 
463-466 
tree rings, 319, 446—447 
Triassic Period. See also Mesozoic Era 
mass extinction in, 358 
Pangaea during, 353, 356 
Triassic System, 339 
trilobites (Trilobitomorpha), 506 
Cambrian, 240-241, 244, 259 
mass extinctions of, 259—261 
triple junctions, 150 
tropical climates, 35 
tropical rain forests, 35. See also rain 
forests 
trough cross-stratification, 58 
true breeding, 110 
tuff, 482 
tundra, 36 - 37 
turbidites, 72-73 
turbidity currents, 72-73 
turtles, 508 
Triassic, 348 
type sections, 98-99 


ultramafic rocks, 14, 481 
Uncompahgre uplift, 328 
unconformities, 18, 52—53, 92—95 
ungulates, 408, 411, 413 

Neogene, 434—435 
uniformitarianism, principle of, 2 —6, 

18 

Darwin and, 105 
universe, age of, 188-189 
upwelling, 45 

diatomaceous sediment, 75 
Ural Mountains, 179 
uraninite, 217 
uranium isotopes, 86-87 
uranium-lead system of dating, 86 


Valley and Ridge Province, 168—170, 
180, 456 

Valley Forge, 445 

varves, 55— 56, 446 

vascular plants, 279 — 280, 282 

vegetation. See plants 

vent, 481 


teleost fishes (Teleostei), 507 
Cretaceous, 370, 372 
temperate forests, 38 
temperature. See also climatic change 
biogeography and, 29 
Carboniferous Period, 318—319 
circulation in the atmosphere and, 
901—533, 35 
Cretaceous, 383 
of Earth, declining, 192—193 
Permian Period, 320, 322 
late Proterozoic, 216 
marine, 40 — 43, 45 
temperature gradients 
Eocene, 424— 425 
Jurassic, 357 - 358 
in Wisconsin glacial interval, 441 
terranes, 154 
terrestrial environment, 35 - 39 
Tertiary Period, 405 
Tethyan realm, 357, 386 — 387 
Tethyan Seaway, 316, 322, 353, 356, 
359, 386, 460-1 
tetracorals. See rugose corals 
Texas 
barrier islands, 64 — 65 
Permian System of West, 329 - 332 
Thecodontia, 508 
therapsids (Therapsida), 314, 316, 508 
extinction of, 321 
Theria, 509 
thermal plume, 149 
Thingvellir Graben (Iceland), 142 
Thiopneutes (sulfate-reducing bacte- 
ria), 503 
thorium-lead system, 86 
Thornton Reef, 291 
thrust faults, 159, 498 
thrust sheets, 159, 498 
tidal delta, 65 
tidal flats, 64—65 
tides, 41 
tillites, 55 
Proterozoic, 216 
tills, glacial, 54—55, 437, 440 
tilt cycle, 444 
time-parallel surfaces in rocks, 89 — 97 
key beds, 89-90 
magnetic stratigraphy, 95 - 7 
shifting of depositional boundaries, 
90-91 
unconformities, bedding surfaces 
and seismic stratigraphy, 92-95 
titanotheres, 415, 417 
toads, 507 
Tommotian Stage, 243—244 
Tonga Trench in Pacific Ocean, 141 
tools 
of Acheulian culture, 467 
Cro-Magnon, 468 
early Homo, 464 
topsoil, 52 


subduction zones, 145 
ancient, 153—154 
mountain building and, 157-159, 

161 
in ring of fire, 161 
submarine slopes and turbidites, 72— 
73 

substratum. See seafloor 

subtidal seafloor, 42 — 43 

subzone, 83 

Sudbury crater, 197 

Suess, Eduard, 131 

sulfate-reducing bacteria, 207 

sulfates, 479 —480 

sulfides, 480 

sun, origin of, 189 

Sundance Sea, 360—361, 364 

sunlight, 31-33 

supergroups, 6 
stratigraphic, 98 

Superior Province, 229 

supernova, 189 

superposition, principle of, 15 

surface waves, ocean, 40-41 

survival, natural selection and, 110 

suturing, 157—158 
mountain building and, 158 
of North America, 176 

swamps 
coal, 305, 312, 324 
definition of, 312 

swim bladder, 342 

swimmers 
late Paleozoic, 301 
middle Paleozoic, 274—279 

Synapsida, 508 

synclines, 493 

system, stratigraphic, 98 


tabulates (Tabulata), 252, 255, 505 
tabulate-strome reefs, 271, 273—274 
Devonian demise of, 289 
in eastern North America, 290 — 291 
Taconic mountain ranges, 176 
Taconic orogeny, 171—176 
talus, 68 
Tambora, eruption of, 147 
taxa (taxonomic groups), 7 
rates of origination and extinction 
ob 113-118 
taxonomy, 7 
Taylor, Frank B., 131 - 2 
tectonic cycle, 170 
tectonics, 129, 472. See also plate tec- 
tonics 
of Caribbean Sea, 457 
Pacific coast, 454 
southwestern United States, 327 — 
و‎ 
of western North America, 420 — 427 
teeth, 103 


wind shadow, 58 
Wingate Sandstone, 360 
winged insects, Carboniferous, 310 
Wisconsin glacial maximum, 440-441 
Witwatersrand sequence, 201 

lack of red beds in, 218 
Woodmont Shale, 177 
Wopmay orogen, 212-215 
Wopmay sequence, 214-215 
Wyoming Province, 229 —230 


xenon isotopes, in meteorites, 190 


Yellowstone hot spot, 423-425 
Yellowstone Park, 149, 482 
Yucatan Peninsula, 457 


Zion National Park, 360 
zircon, 195, 198 
zones, dating of rocks and, 82-84 
zooplankton, 43 
in lakes, 48 


Walchia, 308-309 
Walcott, Charles, 264 265 
Walther’s law, 61, 65 
Wasatch Formation, 423 
water movements, 32, 39-41 
water vapor, 32 
weapons and hunting skills, modern, 
470 
weasels, 411 
weathering, 483 
weeds, 433 
Wegener, Alfred, 132 - 136, 138, 147 
Werner, Abraham Gottlob, 3 
Western Australia, 204 
west-wind drifts, 39 
wetlands 
Carboniferous and modern, 312 — 
313 
of coastal Louisiana, 66 
whales, 406 
Neogene, 431-432 
White Cliffs of Dover, 398 
wildfires, iridium anomaly and, 390 
Windermere Formation, 259 
winds 
trade, 35 
westerlies, 35 
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vertebrates 
amphibians and, 284 
flying 
Cretaceous, 382 
Mesozoic, 349-351 
Neogene Period, 434-436 
Paleogene Period, 408-413 
semiaquatic, late Paleozoic, 311 
vestigial organs, 108-9 
Vine, Fred, 141 
viruses, 7 
volcanic emissions, degassing by, 192 
volcanic islands, 69 
chains of along deep-sea trenches, 
145-147 
volcanic rocks, 481 — 482 
volcanic seamounts, 138 - 140 
volcanos, 144—147, 149—151, 482 
African, 460 
Andean, 162 
greenhouse effect and, 388 
iridium anomaly and, 389 
along midocean ridges, 139 — 140 
Yellowstone, 423—425 
von Alberti, Friedrich August, 339 
von Beyrich, Heinrich Ernst, 405 
Vredefort crater, 197 
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